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FOREWORD 

The sub jec t  of  t h i s  book i s  phys ica l  experiments i n  which t h e  d e t e c t i o n  
of an e f f e c t  can be  reduced t o  t h e  r e g i s t r y  of  a f o r c e  or moment of  f o r c e .  

Despite t h e  fact  t h a t  classical physics  began p r e c i s e l y  with such experiments,  

they  are s t i l l  be ing  made. 

extremely b a s i c  n a t u r e  ( f o r  example, t h e  problem o f  d e t e c t i n g  g r a v i t a t i o n a l  
r a d i a t i o n ,  t h e  search  for quarks,  e t c . ) .  

The reasons f o r  formulat ing experiments are of an 

In  t h e  experiments c a r r i e d  out today or made dur ing  r e c e n t  yea r s ,  t h e  

a t t a i n e d  s e n s i t i v i t y  is extremely high and may a s ton i sh  t h e  experimental  

p h y s i c i s t  who i s  On t h e  o t h e r  hand, t h e  s e n s i -  

t i v i t y  i n  t h e s e  experiments i s  inc reas ing  with each pass ing  yea r .  About 50 

years  ago Mi l l ikan  discovered a s i n g l e  "excess" e l e c t r o n  (o r  i t s  absence) i n  
a d rop le t  i n  which t h e  excess e l e c t r o n  w a s  accompanied by 1 O I 3  nucleons; now 

t h e  same t h i n g  can be done "against  a background" of  1 0 l 8  nucleons.  

Lebedev, a t  approximately t h e  same time, measured t h e  p re s su re  of  a l i g h t  f l u x  

with an i n t e n s i t y  of about 1 W ;  now it i s  p o s s i b l e  t o  measure t h e  l i g h t  

p re s su re  from f luxes  of t e n s  of microwatts .  During 1959-1963 Dicke, i n  

r epea t ing  t h e  experiments of Eotvos i n  checking t h e  equivalence p r i n c i p l e ,  

succeeded i n  inc reas ing  t h e  s e n s i t i v i t y  by t h r e e  o rde r s  of magnitude. 

d e n t l y ,  i n  t h e  f u t u r e  we can expect a f u r t h e r  i nc rease  i n  s e n s i t i v i t y .  

au thor  has  endeavored t o  desc r ibe  t h e  condi t ions  (methodological and 

theo re t5ca l )  necessary f o r  i nc reas ing  s e n s i t i v i t y ,  and a l s o  i n d i c a t i n g  t h e  

l i m i t s  of  r e s o l u t i o n  which a r e  t h e o r e t i c a l l y  a t t a i n a b l e .  

t h a t  t h e s e  l i m i t s  a r e  t o  a c e r t a i n  ex ten t  similar t o  t h e  r e c e n t l y  discovered 
macroscopic quantum effects.  

not  working i n  t h i s  f i e l d .  

P. N .  

Evi- 

The 

I t  has  been found 

The book a l s o  inc ludes  d e s c r i p t i o n s  of  some r e c e n t l y  performed i n t e r e s t -  

ing  experiments involv ing  t h e  s o l u t i o n  of  fundamental phys ica l  problems and 

estimates of  t h e  l i m i t i n g  r e s o l u t i o n  i n  ind iv idua l  experiments d i scussed  i n  

t h e  l i t e r a t u r e .  The s e l e c t i o n  of  material i n  t h e  second p a r t  o f  t h e  book was 

governed only by t h e  importance of  t h e  phys ica l  problems which can be  exper i -  
mental ly  solved.  Na tu ra l ly ,  t h i s  s e l e c t i o n  was determined by t h e  au tho r ' s  

s u b j e c t i v e  p o i n t  o f  view. Accordingly, t h e  examples and i l l u s t r a t i o n s  i n  t h e  
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second h a l f  of t h e  book do no t  exhaust a l l  t h e  p o s s i b l e  experiments i n  which 

it is important t o  d e t e c t  small mechanical fo rces  o r  moments of fo rce .  

The author  t akes  t h i s  oppor tuni ty  t o  express  h i s  apprec i a t ion  f o r  

va luable  comments made by Yu. L. Klimontovich, V. N.  Rudenko and R.  V. 

Khokhlov during t h e  reading of  t h e  manuscript .  
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QASA TT F-672 

PHYSICAL EXPERIMENTS WITH TEST BODIES 

B. V. Braginskiy 

ABSTRACT. This monograph is an examination of physical 
experiments in which the detection of an effect essentially 
involves the detection af a small force or moment of force 
acting on a macroscopic body (experiments with test bodies); 
the author analyzes the threshold response of a mechanical 
oscillator to exposure to a regular external force. The 
effects of light friction and radiometric oscillatory 
instability are examined, 
measuring a small regular force acting on a mechanical 
oscillator is described. Estimates of the minimum detect- 
able magnetic field strengths, electric charge, acceleration, 
etc., are given. Experiments for checking the equivalence 
principle, for searching for elementary particles with a 
fractional electric charge, and for detecting quantum 
macroscopic effects are described.  The prospects for 
detecting gravitational radiation and the possibilities 
of carrying out relativistic gravitational experiments in 
the nonwave zone are evaluated. The limiting attainable 
responses in experiments with test bodies in the search for 
relict quarks with a whole electric charge and electric 
dipole moments of elementary parrlcles are examined. 
Methods are described for measuring small mechanical dis- 
placements and mechanical fluctuations in a space laboratory. 

The optimum strategy for 

"Until we know why an elementary electric charge is 
identical in all processes, interest in fundamental problems 

in physics will continue unabated." - -  W. Weisskopf. 

"Indeed, if Something is unknown it is almost as if it does 
not exist." -- Apuleius, Metamorphoses, Book 10. 

INTRODUCTION 

The great number of experiments in which discovery of a physical effect 

has been reduced to registering a small force o r  moment of force acting on a 

. .  . . ~ . ~ . - . .  . . .  . .  . - .  . - .  . ~ .. . . . . i - .  _ _  

*Numbers in the margin indicate pagination in the foreign text. 



macroscopic body have y i e lded  fundamental phys i ca l  information.  

such experiments i nc lude  those  performed by E i n s t e i n  and de Haas, Mi l l ikan ,  

Eotvos, Dicke (checking t h e  equivalence p r i n c i p l e ) ,  Shubnikov and Lazarev 

(paramagnetism of n u c l e i ) ,  a s  well. as a whole series of experiments proposed 

and i n  p a r t  c a r r i e d  out  a t  t h e  p re sen t  time; mechanical experiments f o r  t h e  

d e t e c t i o n  of  p a r i t y  nonconservat ion,  search  f o r  r a r e  p a r t i c l e s  with a 

f r a c t i o n a l  e l ec t r i c  charge,  f o r  d e t e c t i n g  g r a v i t a t i o n a l  r a d i a t i o n ,  e tc .  

Re la t ive ly  r e c e n t l y  t h e  e f f e c t  of quan t i z ing  of  a magnetic f l u x  i n  super-  

conducting c a v i t i e s  was discovered (quantum macroscopic e f f e c t ) .  The d i s -  

covery o f  t h i s  e f f e c t  e s s e n t i a l l y  involved t h e  d e t e c t i o n  of  a small mechanical 

moment of  f o r c e .  

For example, 

With r e p e t i t i o n  of such experiments o r  ca r ry ing  out  of new experiments 

(it is  convenient t o  refer  t o  them as experiments with t es t  bod ies ) ,  t h e  

g r e a t e s t  i n t e r e s t  i s  i n  t h e  l i m i t i n g  a t t a i n a b l e  r e s o l u t i o n .  

of modern experimental  ins t rumenta t ion  has  now made poss ib l e  a s u b s t a n t i a l  

(by s e v e r a l  o rde r s  of magnitude i n  comparison with a l r eady  executed exper i -  

ments) decrease  i n  t h e  f r i c t i o n  connecting a t e s t  body t o  t h e  l abora to ry ,  and 
accord ingly ,  decrease t h e  f l u x u a t i o n  fo rces  a c t i n g  on a t es t  body. Evident ly ,  

a major q u a l i t a t i v e  advance i n  reducing t h i s  f l u c t u a t i o n  effect  must be  

expected i n  formulat ing experiments with t e s t  bodies  i n  space ( i n  t h e  presence 

o f  weight lessness ,  an i n t e n s e  vacuum, and i n  t h e  absence of se i smic  i n t e r -  

f e rence ) .  

of  t h e  l i m i t i n g  r e s o l u t i o n  i n  experiments with t e s t  bodies .  

devoted t o  t h e  f l u c t u a t i o n  effects which t h e o r e t i c a l l y  cannot be el iminated.  

The development 

- /10 

A cons iderable  p a r t  of t h i s  monograph i s  devoted t o  an examination 

Emphasis i s  

In c e r t a i n  classical s t u d i e s  t h e  minimum f o r c e  appl ied  t o  a mechanical 

o s c i l l a t o r ,  d e t e c t a b l e  a g a i n s t  t h e  background o f  thermal f l u c t u a t i o n s ,  was 
u s u a l l y  computed f o r  t h e  case when t h e  per iod  o f t h e  o s c i l l a t i o n s  T~ was approxi-  

mately equal t o  t h e  r e l a x a t i o n  time T* ( c r i t i c a l  damping). 

expressions der ived  under t h i s  condi t ion  were c l e a r l y  checked i n  t h e  c l a s s i c a l  

experiments made by I s i n g ,  Cernik,  and o t h e r s .  

incorpora ted  i n t o  textbooks as an i l l u s t r a t i v e  example of t h e  l i m i t i n g  

response of  galvanometers,  e l ec t rome te r s ,  e tc .  I t  fol lows from t h e  condi t ion  

T~ = T *  t h a t  i n  o rde r  t o  inc rease  s e n s i t i v i t y  (response) i n  experiments with 

The well-known 

These express ions  have been 

2 



t e s t  bodies ,  t h e  only methods a r e  an inc rease  i n  T and T* and a r e p e t i t i o n  

of t h e  number of measurements. On t h e  o t h e r  hand, an inc rease  i n  T* means a 
decrease i n  t h e  f r i c t i o n  c o e f f i c i e n t  H ,  being a source o f  t h e  f l u c t u a t i o n  

fo rce ,  whereas t h e  per iod  T 
f l u c t u a t i o n  f o r c e s .  

0 

i n  gene ra l ,  i s  un re l a t ed  t o  t h e  sources  of 0' 

Thus, it i s  clear from such simple q u a l i t a t i v e  cons idera t ions  t h a t  

i nc reases  i n  s e n s i t i v i t y  can be achieved only by inc reas ing  T*. In  t h i s  way 

t h e  experimenter w i l l  b e  concerned with a quas iconserva t ive  system; i f  t h e  

t e s t  body is  r i g i d l y  connected t o  t h e  l abora to ry ,  f o r  such an o s c i l l a t o r  

T0/T* << 1. 

In a l l  t h e  experiments mentioned above, as w e l l  as i n  most of those  

discussed i n  t h e  l i t e r a t u r e ,  it i s  usua l ly  assumed t h a t  t h e  f o r c e  F(T) ,  whose 

e f f e c t  on a t e s t  body must be de t ec t ed ,  can be  coded. This means t h a t  i n  

formulat ing experiments t h e r e  i s  no need t o  l i m i t  onese l f  t o  q u a s i s t a t i c  

measurements, f o r  which, as i s  w e l l  known, it i s  recommended t h a t  T T* be  /11 0 
s e l e c t e d .  Prel iminary information on t h e  F ( T )  form r e q u i r e s  s o l u t i o n  of t h e  

problem of t h e  optimum methods f o r  d e t e c t i n g  t h e  response of  a mechanical 

system t o  t h e  F (T) e f f e c t .  Since a decrease  i n  t h e  thermal f l u c t u a t i o n  

e f f e c t  r equ i r e s  an inc rease  i n  t h e  T* va lue ,  with a s u f f i c i e n t l y  high exper i -  

mental s k i l l ,  t h e  t ime expended on measurements T~~~~ and -? , t h e  t i m e  of t h e  
F ( T )  e f f e c t ,  should be s u b s t a n t i a l l y  l e s s  than  t h e  r e l a x a t i o n  time T * .  I n  

o t h e r  words, t h e  optimum de tec t ion  of a response t o  F ( T )  should i n  genera l  

be  i n  a nonequilibrium system. 

The vigorous development of  t h e  theory  of d i sc r imina t ion  of  a s i g n a l  from 

no i se  during t h e  1940's  and 1950's was f o r  t h e  most p a r t  a s soc ia t ed  with an 

opt imizing of  opera t ions  performed i n  a r e c e i v e r  on t h e  sum (s igna l  p l u s  

noise)  with a s t a t i s t i c a l l y  e f f e c t i v e  use  of  pre l iminary  information on t h e  

s i g n a l .  This theory  was developed due t o  t h e  needs f o r  developing d i s t a n t  
communications and r a d a r ,  and t h e r e f o r e  t h e  r e l a x a t i o n  t i m e  i n  t h e  r e c e i v e r  

convert ing t h e  sum (s igna l  p lus  no i se )  was considered small, so  t h a t  t h e  

processes  occurr ing  i n  it could be  considered c lose  t o  equi l ibr ium.  Evident ly ,  

3 



no d e t a i l e d  ana lys i s  was made f o r  optimum d e t e c t i o n  f o r  cases  'meas/'* << 1 

and ?/T* << 1. 

The l i t e r a t u r e  conta ins  a r e l a t i v e l y  l a rge  number of  examinations of  t h e  

p o s s i b i l i t y  of observing phys ica l  e f f e c t s  involving d e t e c t i o n  of t h e  f o r c e  

F (T)  (or t h e  moments of fo rce )  a c t i n g  upon a mechanical o s c i l l a t o r .  In many 

cases ,  i n  such a s tudy  t h e  th re sho ld  value of t h e  d e t e c t a b l e  parameter 

[ F  ( - r ) I m i n  was determined from t h e  equi l ibr ium va lue  of o s c i l l a t o r  energy 

[ F  ( T )  Imin JK!~%W; . 
Obviously, such an e s t ima te  i s  inadmiss ib le ,  - s i n c e  such an important 

parameter as t h e  r a t i o  between t h e  times T~~~~ (or 4 )  and t h e  r e l axa t ion  

t ime T* was not  included.  

In  summarizing t h e  pre l iminary  r e s u l t s  of t h e  q u a l i t a t i v e  cons idera t ions  

presented  above, it can be concluded t h a t  an inc rease  i n  t h e  T* va lue ,  

dependent e s s e n t i a l l y  only on t h e  "cul ture"  of t h e  experiment, should,  i n  t h e  

case  of thermal f l u c t u a t i o n s ,  r e s u l t  i n  a decrease i n  t h e  threshold  of 

de t ec t ab le  F (T) e f f e c t s  on a t e s t  body, assuming t h a t  t hese  e f f e c t s  are 

l imi t ed  i n  t ime. Unquestionably, a r igorous  examination of t h e  problem of  

d e t e c t i o n  of a weak e f f e c t  on a mechanical o s c i l l a t o r  or f r e e  body, i n  t h e  /12 
case of l a rge  T*, presen t s  no d i f f i c u l t i e s ,  a t  l e a s t  i n  t h e  c l a s s i c a l  approxi- 

mation. 

der ived by Chandrasekhar for t h e  Langevin equat ion [l] . However, i n  t h e  

s t u d i e s  by Chandrasekhar t h e  case  ? / T *  << 1 was not  analyzed i n  d e t a i l .  

This problem can be  so lved ,  f o r  example, using known expressions 

A decrease i n  t h e  ?/T* value  should have t h e  fol lowing r e s u l t :  t h e  

d e t e c t a b l e  q u a n t i t i e s  of energy A W  imparted t o  a t e s t  body or removed from it 

by t h e  f o r c e  F (T) should becQme s u b s t a n t i a l l y  l e s s  ' than t h e  equi l ibr ium 

energy value KT ( f o r  t h e  s e l e c t e d  degree o f  freedom). 

is  a l i m i t  of  a p p l i c a b l i t y  of t h e  c l a s s i c a l  s o l u t i o n  of t h i s  problem f o r  some 

q u i t e  small  ?/T*. In add i t ion ,  i n  t h e  c l a s s i c a l  examination no allowance i s  

usua l ly  made f o r  t h e  f l u c t u a t i o n  e f f e c t  of t he  device r e g i s t e r i n g  small  d i s -  

placements o f  a t e s t  body. In t h e  case  of a q u i t e  small  ;/T* t h i s  in f luence  

i s  dec i s ive .  In  t e r r e s t r i a l  l a b o r a t o r i e s ,  t o r s i o n  balances on t h i n  qua r t z  

f i laments  make it poss ib l e  t o  obta in  T* = l o6  s e c .  

This means t h a t  t h e r e  

In  cen t r i fuges  on magnetic 
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I. 

i 1 suspensions with a servosystem, 

servo-suspensions with a vacuum 

as well as i n  
o f  about l o r 8  

gyros copes wi th  e l e c t r o s t a t i c  

mm Hg t h e  T* value  a t t a i n s  a b w t  

l o 9  sec (Beams, Nordoik). 

p o s s i b l e  t o  ob ta in  a q u i t e  small ?/T* r a t i o .  

Thus, even under t e r r e s t r i a l  condi t ions  it i s  

The f i rs t  chapter  i s  devoted t o  an examination of  a number of  problems 

involved i n  d e t e c t i n g  a small f o r c e  a c t i n g  on a t e s t  body. 

inc ludes  t h e  c l a s s i c a l  examination of d e t e c t i n g  a small r e g u l a r  ( l imi t ed  i n  

t i m e  and of a known form) f o r c e  a c t i n g  on a mechanical o s c i l l a t o r  ( 5  1). 

This s e c t i o n  a l s o  d i scusses  t h e  methods f o r  d e t e c t i n g  t h e  response t o  a fo rce  

when ;/T* << 1 aga ins t  a background of  f l u c t u a t i o n s ,  and g ives  i l l u s t r a t i v e  

examples. 

This chapter  

Analysis of t h e  dynamic e f f e c t  of r a d i o  engineer ing and o p t i c a l  i n d i -  

ca to r s  on a mechanical o s c i l l a t o r  i s  presented  i n  § 2 .  This s e c t i o n  examines 

t h e  e f f e c t  exer ted  on t h e  per iod  T and t h e  t ime 'I* by t h e  device used i n  

r e g i s t e r i n g  small  displacements;  it descr ibes  t h e  appearance of o s c i l l a t o r y  

i n s t a b i l i t y  c h a r a c t e r i s t i c  f o r  a d e f i n i t e  type  of i n d i c a t o r s ,  and g ives  an 

ana lys i s  of t h e  d i s s i p a t i v e  inf luence  of o p t i c a l  r a d i a t i o n  on mechanical 

motion, which i s  comparable t o  t h e  f r i c t i o n  introduced by a r a r i f i e d  gas i n  a 

deep vacuum. 

0 

Sect ion  § 3 d i scusses  t h e  s i t u a t i o n ,  most important with r e spec t  t o  

l i m i t i n g  response,  when t h e  T *  va lue  i s  s o  g rea t  t h a t  t h e  f l u c t u a t i o n  e f f e c t  

on t h e  t e s t  body by t h e  small displacement i n d i c a t o r ,  determines t h e  l i m i t i n g  

a t t a i n a b l e  response.  Analysis of t h i s  case shows t h a t  t h e r e  i s  an optimum 
method f o r  s e l e c t i n g  t h e  i n d i c a t o r  parameters so  t h a t  t h e  minimum d e t e c t a b l e  

fo rce  (or  moment of fo rce )  i s  not  dependent on t h e  i n d i c a t o r  p r o p e r t i e s .  The 

a n a l y t i c a l  expressions der ived  he re  make it p o s s i b l e  t o  compare t h e  s i g n i f i -  

cance f o r  l i m i t i n g  s e n s i t i v i t y  of c l a s s i c a l  thermal f l u c t u a t i o n s  (with t h e  

smallness of ? / T *  taken i n t o  account) and quantum f l u c t u a t i o n s  i n  t h e  i n d i -  

c a t o r .  

Sect ion 4 is  devoted t o  a d i scuss ion  of t h e  optimum s t r a t e g y  i.n exper i -  

ments with t e s t  bodies ,  comparison of t h e  well-known c l a s s i c a l  expressions 

and t h e  der ived  a n a l y t i c a l  expressions f o r  optimum i n d i c a t o r s .  This s e c t i o n  
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a l s o  g ives  numerical  estimates f o r  t h e  a t t a i n a b l e  response (e lec t rometers ,  

accelerometers ,  magnetometers, e t c . ) .  

The second chapter  desc r ibes  t h e  methods employed i n  experiments per -  

formed during r e c e n t  yea r s  and having fundamental importance f o r  b a s i c  

phys i ca l  concepts.  

Sec t ion  5 desc r ibes  an experiment f o r  checking t h e  equivalence p r i n c i p l e  

(Dicke); s e c t i o n  6 desc r ibes  an experiment' i n  which quant iz ing  of a magnetic 

f l u x  i n  superconductors was discovered (Fairbank, Dol l ,  NXbauer and Deaver) ; 

s e c t i o n  7 descr ibes  experiments f o r  d e t e c t i n g  rare p a r t i c l e s  with a f r a c t i o n a l  

e l e c t r i c  charge (quarks) .  I n  each of t h e  s e c t i o n s  t h e r e  i s  a comparison of 

t h e  r e s u l t i n g  r e s o l u t i o n  with t h e  t h e o r e t i c a l l y  a t t a i n a b l e  response on t h e  

b a s i s  of  t h e  lloptimum s t r a t egy"  d iscussed  i n  t h e  first chap te r .  

The t h i r d  chapter  is devoted t o  t h e  p o s s i b i l i t i e s  of  d e t e c t i n g  g rav i -  

t a t i o n a l  r a d i a t i o n  ( 9  8) and an a n a l y s i s  of  t h e  p o s s i b i l i t i e s  of ca r ry ing  out 

some r e l a t i v i s t i c  g r a v i t a t i o n a l  experiments i n  t h e  nonwave zone ( §  9 ) .  In  

s e c t i o n  8 t h e r e  i s  a l s o  a s h o r t  review of present-day concepts concerning 

sources  of  g r a v i t a t i o n a l  r a d i a t i o n  of  e x t r a t e r r e s t r i a l  o r i g i n .  Sec t ion  10 

d i scusses  experiments i n  which it is p o s s i b l e  t o  d e t e c t  new p r o p e r t i e s  of  

elementary p a r t i c l e s .  

- /14 

The Appendix conta ins  a b r i e f  review o f  methods f o r  d e t e c t i n g  small 

mechanical displacements ( §  l l ) ,  as we l l  as some information based on measure- 

ments c a r r i e d  out r e c e n t l y  f o r  determining t h e  l e v e l  of  quas ise i smic  

f l u c t u a t i o n s  which w i l l  b e  observed f o r  o r b i t a l  space l a b o r a t o r i e s  ( §  12) .  
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, CHAPTER I 

DETECTION OF SMALL FORCES ACTING ON A MECHANICAL OSCILLATOR 

§ 1. O s c i l l a t o r y  System I-- With - a ___ Large - Time Constant Experiencing t h e  Effect 
of  a F luc tua t ing  Force.  Methods f o r  Detect ing a- -___ Small Regular Force.  

We w i l l  examine a very simple model of an experiment wi th  a t e s t  body. 

__---- 
- -  - 

Visual ize  t h a t  it i s  necessary t o  d e t e c t  t h e  effect  of a f o r c e  F ( T )  on a 

mass m which i s  connected t o  a l abora to ry  by t h e  r i g i d i t y  K, having a 

d i s s i p a t i o n  corresponding t o  t h e  f r i c t i o n  c o e f f i c i e n t  H .  

prel iminary information i s  a v a i l a b l e  concerning t h e  form of t h e  F ( T )  f o r c e  

( r egu la r  e f f e c t ) .  

has t h e  form of a s inuso ida l  t r a i n  o r  F ( T )  i s  a s i n g l e  impulse. Henceforth 

we w i l l  b e  concerned only with t h e  l e v e l  of a t t a i n a b l e  s e n s i t i v i t y  (response) 

i n  d e t e c t i n g  r e g u l a r  F ( T )  e f f e c t s  on such an o s c i l l a t o r ,  and we w i l l  not  

be  concerned with q u a s i s t a t i c  measurements i n  which t h e  response l e v e l  i s  

determined by d r i f t  c h a r a c t e r i s t i c s  (temperature s t a b i l i t y ,  s t a b i l i t y  of  t h e  
r i g i d i t y  element, e t c .  ) . 

We w i l l  assume t h a t  

The fol lowing cases  are most f r equen t ly  encountered: F ( T )  

We w i l l  assume t h a t  i n  add i t ion  t o  F ( T ) ,  t h e  o s c i l l a t o r  mass is  ac ted  

In t h e  s p e c i a l  case  of  thermal 

): = ~ K T H ,  where K i s  
upon by a s t a t i o n a r y  f l u c t u a t i o n  f o r c e  F 

f l u c t u a t i o n s  t h e  s p e c t r a l  d e n s i t y  F 

t h e  Boltzmann constant  and !l' i s  temperature .  

be avoided by us ing  a number of t e c h n i c a l  methods ( an t i s e i smic  p la t forms ,  

acous t i c  s h i e l d i n g ,  e t c . ) .  However, i n  theory t h e  thermal f l u c t u a t i o n s  of a 

mechanical o s c i l l a t o r  cannot be e l imina ted .  This circumstance i s  usua l ly  

emphasized i n  determining t h e  l i m i t i n g  response of galvanometers,  e l e c t r o -  

scopes,  e t c .  However, i n  t h i s  case  t h e  l e v e l  of a t t a i n a b l e  response is 

r e l a t e d  t o  t h e  r a t h e r  s p e c i a l  case of measurements when t h e  time expended on 

measurements i s  about equal  t o  t h e  time of o s c i l l a t o r  damping ( f o r  example, 

s e e  [ 2 ,  3 1 ) .  If one does no t  l i m i t  h imself  t o  t h i s  case ,  as w i l l  b e  seen from 

t h e  t e x t  which fo l lows ,  t h e  l e v e l  of a t t a i n a b l e  response i s  s u b s t a n t i a l l y  

h igher  and t h e  a n a l y t i c a l  expressions determining t h e  minimum d e t e c t a b l e  F (T)  

va lue  w i l l  b e  d i f f e r e n t .  

fZ. 
i s  equal  t o  (F f Z  f Z  

Noise o f  nonthermal o r i g i n  can 
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If i t .  were p o s s i b l e  t o  e l imina te  nonthermal f l u c t u a t i o n  e f f e c t s  on t h e  mass 
m, it would b e l p o s s i b l e  t o  assert immediately t h a t  t h e  approximate condi t ion  

f o r  d e t e c t i n g  F ( T )  has  t h e  form 

where Af i s  t h e  frequency band wi th in  which t h e  g r e a t e r  p a r t  o f  t h e  F ( T )  

spectrum f a l l s .  I t  can be seen  from t h i s  condi t ion  t h a t  i n  o rde r  t o  inc rease  

t h e  threshold  response it i s  necessary t o  decrease T and H. 
determined by t h e  F ( T )  form. Condition (1.1) i s  approximate s i n c e  t h e  method 

f o r  measuring t h e  o s c i l l a t o r  response t o  F (T) was not  i n d i c a t e d .  

The Af value  i s  

We w i l l  assume t h a t  w e  have an i d e a l  instrument  r e g i s t e r i n g  mechanical 

movements (as small as des i r ed )  under t h e  inf luence  o f  F (T)  + F and not  

making any con t r ibu t ion  t o  F Such an assumption i s  p o s s i b l e  wi th in  t h e  

framework of t h e  c l a s s i c a l  problem. Somewhat l a t e r  ( §  3) we w i l l  examine t h e  

f l u c t u a t i o n  ( c l a s s i c a l  and quantum) e f f e c t  o f  such an i n d i c a t o r  on an o s c i l -  

l a t o r  and w i l l  examine t h e  optimum measurement s t r a t e g y .  

f Z  
fZ. 

The s imples t  method f o r  d e t e c t i n g  response t o  t h e  F ( T )  e f f e c t  i s  t o  

r e g i s t e r  t h e  change i n  amplitude of o s c i l l a t o r  o s c i l l a t i o n s .  As a l ready  

mentioned i n  t h e  In t roduc t ion ,  a decrease i n  H ,  necessary  f o r  increas ing  

response,  has t h e  fol lowing e f f e c t :  t h e  r e l a x a t i o n  t ime T* = 2 m / H  i s  sub- 

s t a n t i a l l y  g r e a t e r  t han  'meas, t h e  reasonable  time which can be expended on /17 
measurement, and than  4 ,  t h e  time of  t h e  F (T)  e f f e c t .  Thus, when ? / T * < <  1 

and T / T *  << 1 t h e  o s c i l l a t o r  w i l l  behave as a system c l o s e  t o  conserva- 

t i v e ,  and t h e  amplitude of  i t s  o s c i l l a t i o n s  w i l l  b e  a s lowly varying func t ion  

( f o r  example, s e e  [4 ,  51) :  

meas 

(1.2) 
I a.,l(T) 

x ( T ) . , -  ,t \t)sir\[o),t t-(p(~)], ~1(~)9=->~-* 

In  order  t o  a s s e r t  with some predetermined r e l i a b i l i t y  t h a t  i n  add i t ion  
t h e  mass m w i l l  be  ac t ed  upon by t h e  t o  t h e  s t a t i o n a r y  f l u c t u a t i o n  fo rce  F 

f o r c e  F ( T )  dur ing some i n t e r v a l  ?, i t  i s  necessary t o  determine t h e  l i m i t s  

w i th in  which it i s  p o s s i b l e  t o  change t h e  amplitude of o s c i l l a t o r  o s c i l l a t i o n s  

fZ* 
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under t h e  in f luence  of Ffz: [A(T) - A(0)]l-a.  

only wi th  t h e  s t i p u l a t e d  degree of  p r o b a b i l i t y  (1  - a ) ;  t h e  ct va lue  i s  

u s u a l l y  c a l l e d  t h e  s t a t i s t i ca l  e r r o r  of t h e  f i rs t  k ind .  

t h e s e  l i m i t s  ( i n  mathematical  s ta t i s t ics  they  are sometimes c a l l e d  q u a n t i l e s  

[ 6 ] ) ,  it w i l l  b e  p o s s i b l e  t o  determine t h e  th re sho ld  response for F (T). 

These l i m i t s  are determined 

Thus, by f i n d i n g  

The express ion  for t h e  p r o b a b i l i t y  d e n s i t y  of an a r b i t r a r y  d i s t r i b u t i o n  

of amplitude of o s c i l l a t i o n s  A (T) a t  t h e  time ? has  t h e  form [SI 

where f o r  our case  

The [ A  (;) - A (O)] l-ct v a lue ,  i n  accordance with t h e  d e f i n i t i o n  of  p [ A  ( T )  I 
A (O)] can b e  found by so lv ing  t h e  equat ion 

We w i l l  examine two cases :  A (0)  = 0 and A (0) 0 .  In  t h e  f i r s t  case  /18 
equat ion (1.4) has  t h e  s imple form: 

hence 

9 



The [ A  (;)I,-, va lue  does no t  vary  g r e a t l y  f o r  i n i t i a l  va lues  A (0) < o&, 

and by us ing  express ion  (1.6) it i s  p o s s i b l e ,  by s t i p u l a t i n g  a ,  t o  estimate 

with t h e  p r o b a b i l i t y  (1  - a )  t h e  l i m i t  of p o s s i b l e  change i n  t h e  amplitude of 

o s c i l l a t i o n s  [ A  ( f )  - A (0)11-, with time ?. 
t h i s  r e q u i r e s  a knowledge o f  3, T* and o .  

I t  can b e  seen  from (1.6) t h a t  

In  t h e  case of thermal f l u c t u a t i o n s  

A (0)  = 0 o r  A (0) 5 
t h e  course of  time t h e  amplitude 

o&) and with Z[A(?+?) -Ai t ' , ) ] , - ,  

- --------_ - _ - -  ---- ---- -- 

A(?) 

Figure 1 
I\ 

value  (1 .6 ) ,  wi th  t h e  r e l i a b i l i t y  A@,+?) 

- I 
a s s e r t  t h a t  i n  a d d i t i o n  t o  F t h e  

o s c i l l a t o r  w i l l  b e  ac ted  upon by 

some a d d i t i o n a l  f o r c e  F ( T )  (Figure 

fZ 

1) - 
As can be  seen from t h e  above, w e  obtained only a th re sho ld  express ion ,  

t h e  ord inary  express ion  f o r  d e t e c t i o n  theory.  In  o t h e r  words, except f o r  

"yesft or nothing can be  s a i d  concerning t h e  a d d i t i o n a l  e f f e c t  F (T)  i f  /19 
A (?) i n s i g n i f i c a n t l y  exceeds or does not exceed t h e  l i m i t  [A (;) - A (0)] l -a .  

Thus, t h e  [A (;) - A(0)]l-a value corresponds t o  t h e  th re sho ld  response 

when d e t e c t i n g  t h e  small parameter F (T). I t  i s  clear t h a t  i n  order  t o  

ob ta in  a r e l a t i v e  accuracy of about l o % ,  f o r  example, it i s  necessary t h a t  

dur ing  t h e  time t h e  F (T) effect imparts  t o  t h e  o s c i l l a t o r  an amplitude of  
o s c i l l a t i o n s  A (G) approximately 10 times g r e a t e r  than [ A  (;) - A (0)] l -a .  

We w i l l  now r e t u r n  t o  t h e  s i t u a t i o n  when A (?) i s  c l o s e  t o  t h e  l i m i t i n g  

va lue .  The i n t e r f e r e n c e  of  o s c i l l a t i o n s  caused by F ( T )  ahd F can have 

t h e  fol lowing effect :  A (:) does no t  exceed [ A  (f) - A (O)],-, , and using t h e  

c r i t e r i o n  descr ibed  above, it w i l l  be necessary t o  draw t h e  i n c o r r e c t  

f.2 
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conclusion t h a t  F ( T )  = 0 .  In  o rde r  t o  estimate t h e  p r o b a b i l i t y  of such an 
outcome it i s  necessary  t o  in t roduce  t h e  s t a t i s t i c a l  e r r o r  o f  t h e  second kind 

6, t h e  p r o b a b i l i t y  t h a t  on t h e  assumption F ( T )  # 0 one w i l l  ob t a in  t h e  r e s u l t  

i 
il 1 
I 

A (.I < [A  (+ I  - A ( o l l ~ - c i .  

We w i l l  assume t h a t  t h e  F ( T )  force ,  i n  t h e  absence of  F can sway t h e  f 2’ 
o s c i l l a t o r  during t h e  time ? t o  t h e  amplitude E .  

5 = B / [ A  (?) - A (O)llmci and compute t h e  f3 value .  

he re  t o  t h e  case 5 

o s c i l l a t i o n s  caused by F (T) and F i s  random. In add i t ion ,  we w i l l  assume 

t h a t  A (0) = 0.  I t  is easy t o  demonstrate,  t ak ing  i n t o  account t h e  i n t e r -  
fe rence  of o s c i l l a t i o n s  caused by F (.) and F t h a t  

We w i l l  s t i p u l a t e  some va lue  

We w i l l  l i m i t  ourse lves  

1 and w e  w i l l  assume t h a t  t h e  phase s h i f t  between t h e  

f Z  

fZ’ 

where sin $I = 1/<. 1 

Replacing t h e  no ta t ion  

and t ak ing  i n t o  account t h a t  < = B / [ A  (? ) ] l -a  , we ob ta in  

where, l i k e  above, e = 2;/.r*. 

The [ a  (?)]l-ci va lue  i s  r e l a t e d  t o  t h e  magnitude of t h e  error of t h e  

f i rs t  kind ci by express ion  (1 .6) .  
func t ion  of cx and 5: 

Using i t ,  it is  p o s s i b l e  t o  express  f3 as a 
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Wen a = 0.05 and 5 = 1.4  we have 0 = 0.117; wheli a = 0.05 and 5 = 2 ,  t h e  

B value  is  0.005. 

Thus, us ing  t h e  boundary va lue  ( 1 . 6 ) ,  t h e  p r o b a b i l i t y  of no t  d e t e c t i n g  

t h e  e f f e c t  o f  t h e  F (T) f o rce ,  which i n  t h e  absence of F 
tude B = 2 [ A  (?)] l -ay does rlot exceed 0.5%. 
s t a n t i a l l y  change i f  A (0) # 0 ,  bu t  does not  exceed a 6 .  

causes t h e  ampli- fZ 
The f3 parmeter does no t  sub- 

Now w e  w i l l  r e t u r n  t o  t h e  case when A (0) and A ( T )  a r e  not small i n  com- 

par i son  with t h e  u value .  We w i l l  determine t h e  l i m i t i n g  va lues  [ A  (?) - 
A co) l l - a '  when A ( 0 ) ~  0 .  Taking i n t o  account t h a t  c = 2?/.r* << 1, tHe 

func t ion  I (d i n  (1.3) can b e  replaced by it's asymptotic expression for 
l a r g e  va lues  of t h e  argument 

0 

In  t h i s  case t h e  expression f o r  t h e  p r o b a b i l i t y  d e n s i t y  of  an a r b i t r a r y  d i s -  

t r i b u t i o n  of  amplitudes (1.3) assumes t h e  simple form: 

where a (€) = A (.")/a, a (0) = A (O)/a. 

(1.10) 

Thus, when A (0) E o  and with small ? t h e  normalized change i n  amplitude 

[a (T) - a(O)] asymptot ica l ly  conforms t o  a hormal law wi th  a d i spe r s ion  

c = 2+*. 

Accordingly, i n  order  t o  f i n d  t h e  l i m i t i n g  va lue  [a ( f )  - a (0)]1-a5 

which l i m i t s  t h e  poss ib l e  changes i n  a with t ime with sbme p r o b a b i l i t y  o f  

e r r o r  of t h e  f i rs t  kind a, it i s  p o s s i b l e  t o  use  t h e  ord inary  procedure f o r  

a normal d i s t r i b u t i o n .  

a zz [ I  - 4 J ( U ,  m ) l ,  (1.11) 
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'r 

where 

S t i p u l a t i n g  a and us ing  well-known t a b l e s  f o r  Q (ul - ,I, it i s  p o s s i b l e  to 
ob ta in  l i m i t i n g  va lues  . [ A  (T) - A (0)]l-a.  For example, when a = 0.05, 

= 1.96. 0.95 U 

[ A  (t) - A (O)]".g,j :--= 6 c / C -  1.OG; 

i n  t h e  genera l  case 

I t  i s  i n t e r e s t i n g  t o  compare t h e  c l o s e  func t ions  [2  In  ( l / ~ t ) ] ~ / ~  and u ~ - ~ .  
Table 1 g ives  t h e  numerical  va lues  of  t h e s e  func t ions  fo r  s e v e r a l  a va lues .  

The t a b l e  shows t h a t  t h e  numerical  va lues  of t h e s e  two func t ions  d i f f e r  i n s i g n i -  /22 
f i c a n t l y  when 0.05 < a < 0.0001. 

change i n  amplitude i s  no t  c r i t i ca l  f o r  t h e  i n i t i a l  va lue  of  t h e  amplitude 

of o s c i l l a t i o n s .  

- 
Thus, t h e  l i m i t i n g  va lue  f o r  t h e  

TABLE 1 

= I  

0.05 
0 .01  
0.005 
0.001 
0.0005 
0.0001 

~ - . . . . . . . - . . __ . . . . . 

U 
l - C r  

-.- -~ ..- - 

2.45 i .96 
3.04 2.58 
3.25 2.81 
3.72 3.29 
3.90 3.48 
4.29 3.88 

I -~ ... .  
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The magnitude of t h e  e r r o r  of  t h e  second k ind  B f o r  t h e  case A rrr a can 

be computed as i s  u s u a l l y  done i n  t h e  case o f  a normal d i s t r i b u t i o n  ( f o r  

example, see [6 ] ) .  

A s  can b e  seen  from expressions (1.6) and (1.12) ,  t h e  l i m i t i n g  va lue  

[A  (:I - A co)ll-a,  determining t h e  minimum d e t e c t a b l e  change in  amplitude 

caused by t h e  e x t e r n a l  effect F (T)  dur ing  t h e  time ;, is  equal  t o  t h e  

product CJ m, m u l t i p l i e d  by a numerical  f a c t o r  of  about 2-4,  dependent 

on t h e  s e l e c t e d  va lues  of  t h e  s ta t i s t ica l  e r r o r s  of t h e  f i rs t  and second 

kinds ct and 6 .  

accord ingly ,  f o r  determining [F (T)],,, it i s  necessary  t o  know t h e  CJ, T and 

T *  va lues .  A s  po in ted  out  i n  t h e  In t roduc t ion ,  t h e  T* value, even f o r  o rd i -  

nary  t o r s i o n a l  pendulums, i s  t e n  days ( T *  - l o 6  sec) ,  whereas f o r  determining 

t h e  0 value  a time of  a t  least  3 ~ *  i s  r equ i r ed .  

t o  make some measurements of i d e n t i c a l  F (T) e f f e c t s  wi th  an i d e n t i c a l  e f f e c t  

time of T ( r e p e t i t i o n  of measurements) o r  i f  when T~~~~ 3 ? it i s  p o s s i b l e  t o  

determine t h e  change i n  amplitude of  o s c i l l a t i o n s  several times dur ing  time 

i n t e r v a l s  of ;, t h e  requirement f o r  pre l iminary  information on t h e  CJ and T*  

values  d i sappea r s .  

In  o t h e r  words, f o r  determining [ A  (;) - A (0)] l -c t ,  and 

However, i f  it i s  p o s s i b l e  

In  t h i s  case i n  p l a c e  of OK ul-ct it is  necessary  t o  t ake  

where s2  i s  t h e  estimate o f  t h e  d i s p e r s i o n  a2e i n  change of  1-a' s ( n  - 1)'1/2t 

amplitude during t h e  t ime ?, determined exper imenta l ly ,  n i s  the  number of 

r e p e t i t i o n s ,  and tl-a i s  t h e  q u a n t i l e  of S tuden t ' s  t [6] .  

t h e  q u a n t i l e  t (n) = 

30-40%. This procedure,  as fol lows from t h e  above, i s  c o r r e c t  only f o r  t h e  

case A (0)  1: 0 ,  i . e . ,  when t h e  dev ia t ion  i n  amplitude of t h e  o s c i l l a t o r  i s  

c l o s e  t o  t h e  normal l a w ,  and i s  not  s u i t a b l e  f o r  A ~(0) < 06. However, it i s  

easy t o  show t h a t  i f  A (0) > CJ ( f o r  example, A (0) - 30- 50) and t h e  measure- 

ment o f  dev ia t ions  A (T) - A (0) i s  performed with a co r rec t ion  f o r  t h e  mono- 

t o n i c  decrease (reading from t h e  r eg res s ion  l i n e ) ,  t h e  asymptot ic  normali ty  

of t h e  random dev ia t ions  i s  r e t a i n e d .  

Already when n = 10 

and s2 can dev ia t e  from 02e by not  more than  
1 - c t  

Thus, i n  t h e o r e t i c a l  p r e d i c t i o n s  i n  experiments it i s  p o s s i b l e  t o  use  

expressions (1.6) and ( l . l Z ) ,  bu t  t h e  descr ibed  procedure can be  used i n  t h e  

case of  d i r e c t  measurements. A t  t h e  end of  t h i s  s e c t i o n  we w i l l  g ive  examples 
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i l l u s t r a t i n g  t h e  app l i ca t ion  of t h e s e  methods i n  d e t e c t i n g  small e f f e c t s  on 

mechanical o s c i l l a t o r s .  

Now w e  w i l l  no t e  an important condi t ion necessary f o r  s a t i s f y i n g  t h e  

mentioned methods f o r  d i sc r imina t ing  a s i g n a l  from no i se .  

unknown, t h e  experimenter must be ab le  t o  repea t  t h e  measurement s e v e r a l  

times’, o r  be  ab le ,  without t h e  F ( T )  e f f e c t ,  t o  determine s2, t h e  eva lua t ion  
02c, i . e . ,  it i s  necessary t h a t  t h e  t i m e  T 

exceed ?. 

If o and T* are 

expended on t h e  measurement, meas ’ 

Now we w i l l  d i s cuss  t h e  phys ica l  c o r o l l a r i e s  from t h e  expressions (1.6) 
and (1.12) der ived above. As can be seen from these  expressions,  t h e  minimum 

change i n  t h e  amplitude of o s c i l l a t o r  o s c i l l a t i o n s  which can s t i l l  be  

de tec ted  is  dependent on t h e  ? and T* parameters ,  bu t  i n  t h e  case of  thermal 

f l u c t u a t i o n s ,  on f r i c t i o n  i n  t h e  o s c i l l a t o r .  

imparted t o  or drawn from t h e  o s c i l l a t o r  by a r egu la r  ex te rna l  e f f e c t  which 

can be d is t inguished  i n  accordance with (1.6) and (1.22) ,  i s :  

The quan t i ty  of energy which i s  

when A. (0) = 0 

when A (0) u 

(1.13) 

(1.14) 

In  (1.13) and (1.14) K = mu; is  o s c i l l a t o r  r i g i d i t y .  

____ - - -  - .- - i _ - _ _ L  

The number n of r e p e t i t i o n s  must s a t i s f y  t h e  condi t ion  n 2 2 ,  s i n c e  t h e  
(n) value  was determined with t h e  number of s t a t i s t i c a l  degrees  of 

freedom f >  1; f = 1 corresponds t o  two independent measurements. 
t l -a  
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As can be seen from (1.13) and (1.14),  t h e  d i f f e r e n t  q u a n t i t i e s  of  

energy c o n s t i t u t e  f r a c t i o n s  o f  t h e  equi l ibr ium va lue  KT. 

t h e  l e s s e r  t h e  smal le r  t h e  ;/T* r a t i o .  This r e s u l t  i s  not  s u r p r i s i n g ,  i f  it 

i s  taken i n t o  account t h a t  when T* >> f we a r e  dea l ing  wi th  a nonequilibrium 

process .  

mean energy KT. 

of about KT, and dur ing  t h e  t ime 7, by a va lue  which is  t h e  smal le r  t h e  l e s s e r  

t h e  ?/T* r a t i o .  The f a c t o r s  on KT (?/T*) and KT i n  (1.13) and (1.14) ,  

as fol lows from what has  been s a i d  above, a r e  of  t h e  order  of  s e v e r a l  u n i t s .  

If t h e r e  i s  no need t o  t ake  i n t o  account s t a t i s t i c a l  e r r o r s  of  t h e  second 

kind,  only 4 I n  ( l / a )  and 2 6 u l - a  r e spec t ive ly  remain i n  t h e  f a c t o r s .  

Now we w i l l  f i n d  t h e  minimum value  of t h e  f o r c e  e f f e c t  F ( T )  on a 

These f r a c t i o n s  are 

The o s c i l l a t o r ,  i n  thermal equi l ibr ium with t h e  l abora to ry ,  has  a 
During t h e  time T* t h e  o s c i l l a t o r  energy changes by a va lue  

mechanical o s c i l l a t o r  d e t e c t a b l e  us ing  t h e  procedure descr ibed  above. 

examine t h e  very simple case  when F (T)  = Fo sin UT dur ing  t h e  i n t e r v a l  

0 < T <  2 and F (T) = 0 o u t s i d e  t h i s  i n t e r v a l .  We w i l l  a l s o  assume t h a t  

w = w If t h e  i n i t i a l  F (T) phase i s  s e l e c t e d  i n  accordance with the  

ins tan taneous  phase va lue  of  t h e  ' o s c i l l a t o r  o s c i l l a t i o n s ,  t h e  change i n  t h e  

amplitude of t he  o s c i l l a t i o n s  is B E F (2mw0)-l, s i n c e  ? << T*, and B can 

be  computed as f o r  t h e  conserva t ive  system. Hence, r e q u i r i n g  t h a t  B be not  

l e s s  than [ A  ( ? ) I  - A (0)] l -a ,  f o r  t he  case of thermal f l u c t u a t i o n s  we 

ob ta in  

We w i l l  

0 '  

0 

(1.15) 

where 8 i s  equal t o  5 (a, B )  42 In  ( l / a )  when A (0) S u&, o r  < '  (a, B) ulea 

when A ( 0 )  = u .  

Expression (1.15) f o r  a case  when F (T) has t h e  form of  a t r a i n  of 

s inuso ida l  o s c i l l a t i o n s ,  g ives  the  p r e c i s e  va lue  f o r  t h e  th re sho ld  amplitude 

of t h e  [FOlmin fo rce  i n  t h e  case  of  known 8, m, T*, ?, a and B and with t h e  

s e l e c t e d  measurement method (measurement of change i n  t h e  amplitude of  

o s c i l l a t i o n s ) .  I t  can a l s o  s e r v e  as an eva lua t ion  i n  t h e o r e t i c a l  p red ic t ions  
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of  experimental  r e s u l t s ,  s i n c e  i n  measurements t h e  0 al c1 parameter i s  

1 p / 2  (n) ( see  above). replaced by t h e  c l o s e  parameter s (n - 
t l - C Y  

As might b e  expected, t h e  p r e c i s e  express ion  (1.15) d i f f e r s  only by a /25 
numerical f a c t o r  from t h e  approximate express ion  (1 .1 ) .  I t  fol lows from 

(1.15) t h a t  i n  o rde r  t o  inc rease  t h e  th re sho ld  response it i s  necessary t o  

inc rease  both  T* and 3.  Since Fo decreases  as ( T )  an inc rease  i n  t h e  
du ra t ion  o f  t h e  t r a i n  and an inc rease  i n  t h e  number n of  r e p e t i t i o n s  of t h e  

measurements i d e n t i c a l l y  decrease  t h e  [FO]min va lue .  

A t  

Figure 2 

w i l l  d i scuss  examples i l l u s t r a t i n g  t h e  

weak e f f e c t  on a mechanical o s c i l l a t o r  

The co r rec tness  of  expressions 

(1.13) ,  (1 .14) ,  and (1.15) i s  l imi t ed :  
a) by t h e  c l a s s i c a l  approach t o  t h e  

problem and b) t h e  fact  t h a t  no 
allowance was made f o r  t h e  f l u c t u a t i o n  

e f f e c t  of t h e  i n d i c a t o r  of o s c i l l a t o r  

small o s c i l l a t i o n s .  In  the  case o f  

s u f f i c i e n t l y  l a r g e  T" ( s u f f i c i e n t l y  

small H )  , t h i s  e f f e c t  should be  f e l t .  
The e f f e c t s  a s soc ia t ed  with t h i s  

i n f luence  a r e  examined i n  d e t a i l  i n  

s e c t i o n s  2 and 3 .  

In concluding t h i s  s e c t i o n  we 

examined procedure f o r  d e t e c t i n g  a 

with l a rge  T". 

Figure 2 shows a record  of t h e  amplitudes of o s c i l l a t i o n s  of a h o r i -  

zonta l  t o r s i o n a l  pendulum with t h e  per iod  T 

T* 2 l o 5  s e c .  

suspended on a tungs ten  f i lament  100 1-1 i n  diameter .  

placed i n  a vacuum housing ( f o r  f u r t h e r  d e t a i l s  see [ 7 ] ) .  

i n t e r v a l  from 0 t o  a t h e  pendulum i s  f o r c e f u l l y  damped. This i s  e a s i l y  done 

us ing  seve ra l  f o r c e  impulses ( f o r  example, e l e c t r o s t a t i c  o r  g r a v i t a t i o n a l ) ,  

appl ied i n  t h e  necessary phase of o s c i l l a t i o n s  t o  t h e  dumbbell, s i n c e  when 
? << T* t h e  phase of  pendulum o s c i l l a t i o n s  changes slowly with time. 

= 230 s e c  and a t ime cons tan t  0 
The pendulum i s  a dumbbell with t h e  mass m = 25 g on t h e  ends,  

The e n t i r e  pendulum was 

In  t h e  t i m e  

The 
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time i n t e r v a l  from a t o  b i s  1 . 5  hours .  

ducer  was used as an i n d i c a t o r  of  small displacements .  

A h igh ly  s e n s i t i v e  capac i t i ve  t r a n s -  /26 - 

Figure 3 shows a 

r eco rd  of o s c i l l a t i o n s  

o f  t h i s  same pendulum 

with a l a r g e  magnifi-  

c a t i o n .  The upper 

p a r t  o f  t h e  f i g u r e  

shows a record  of  t h e  

change i n  amplitude of  

pendulum os c i  11 a t  ions  

under t h e  inf luence  of  

f l u c t u a t i o n s  and 

s i n u s o i d a l  t r a i n s  with 

t h e  amplitude F rr 

1 

120 - 

I 1  
I I  I I  

I I  

I I  I I  

I t  - 
\ 

0 
rr dyne and a dur- 

5- 
'E; ,+ '2 "3 ? 4-$5 c f a t i o n  of  5 pendulum 

o s c i l l a t i o n  pe r iods .  

The phase o f  t h e  

o s c i l l a t i o n s  i n  t h e s e  

1 - ~ 2  and T -T t h e  t r a i n s  was s e l e c t e d  i n  such a way t h a t  i n  t h e  i n t e r v a l s  T 

2 - ~ 3  and T -T f o r c e  damped t h e  pendulum, whereas i n  t h e  i n t e r v a l s  T 

t h e  pendulum. 

l i n e s  drawn through t h e  p o i n t s  corresponding t o  t h e  maximum displacements of  

t h e  dumbbell. The lower p a r t  of t h e  f i g u r e  shows a record  of  t h e  amplitudes 

of o s c i l l a t i o n s  of  t h i s  pendulum i n  t h e  absence of a r e g u l a r  e x t e r n a l  e f f e c t .  

I t  was more convenient t o  compare t h e  d i f f e r e n c e  i n  t h e  s lopes  o f  t h e  re- 
g re s s ion  l i n e s ,  r a t h e r  t han  t h e  d i f f e r e n c e  between t h e  amplitudes a t  t h e  

beginning and a t  t h e  end of  t h e  s e l e c t e d  time i n t e r v a l s ,  s i n c e  t h i s  made it 

p o s s i b l e  t o  reduce t h e  con t r ibu t ion  of  f l u c t u a t i o n s  c rea ted-by  t h e  capac i t i ve  

t r ansduce r .  A s t a t i s t i c a l  comparison of  t h e  two groups o f  r eg res s ion  l i n e  

s lopes  (with t h e  f o r c e  swaying and damping t h e  pendulum) can b e  made us ing  

Student ' s  t, which corresponds t o  t h e  recommendations presented  above. 

a .  f6min 

Figure 3 

3 4  
it swayed 4 5  

I t  i s  easy t o  s e e  t h e  d i f f e r e n c e  i n  t h e  s lopes  of t h e  r eg res s ion  

- /27 

When 
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1 
1 = 4 hours ,  it was p o s s i b l e  t o  r e so lve  t h e  amplitude , meas t = 1,500 sec and T 

of t h e  fo rce  [P0]0.g5 = l .2 -10-7  dyne with a r e l i a b i l i t y  0.95. 

i n  these  measurements no an t i s e i smic  s h i e l d i n g  was used,  and t h e r e f o r e  t h e  

r e s o l u t i o n  l e v e l  was determined by nonthermal no i se .  The method used i n  t h i s  

experiment was descr ibed  i n  g r e a t e r  d e t a i l  i n  [7].  

We note  t h a t  

3 -  

8 -  

I I 
I I 
I .I 
I -* I 
I*..--- I 
I I 

. I  

Figure 4 

Figure 4 shows a record  of  t h e  amplitudes of  o s c i l l a t i o n  of  a l i g h t  

t o r s i o n a l  pendulum which was used as a ponderomotive i n d i c a t o r  of  t h e  

i n t e n s i t y  of l i g h t  r a d i a t i o n  ( fo r  f u r t h e r  d e t a i l s  s e e  [8], [ 9 ] ) .  The pendu- 

lum was a g l a s s  p l a t e  measuring 1 x 0 . 3  x 0.01 c m ,  suspended on a tungsten 
f i lament  6 1-1 i n  diameter  and 4 cm i n  length .  The p l a t e  was coated with a 

l aye r  of s i l v e r  about 10 IJ t h i c k .  

had a pe r iod  of t o r s i o n a l  o s c i l l a t i o n s  T 

The pendulum, mounted i n  a sea l ed  f l a s k , ,  

= 2 . 3  sec and a r e l a x a t i o n  time T* = /28 0 
= 4 0  min. The t o r s i o n a l  r i g i d i t y  of t h e  f i lament  was K = 2 . 4 0 1 0 - ~  dyne-an. 

0 
A p h o t o e l e c t r i c  a m p l i f i e r  

and t h i s  made it p o s s i b l e  t o  r e g i s t e r  small t o r s i o n a l  o s c i l l a t i o n s  with a 
response th re sho ld  of 8-10-7 r a d  p e r  o s c i l l a t i o n .  

p laced  on an an t i s e i smic  platform and t h e r e f o r e  t h e  mean square va lue  of t h e  

was used i n  r e g i s t e r i n g  small t o r s i o n a l  o s c i l l a t i o n s  

The pendulum was not  

d e f l e c t i o n  angle  was l a r g e  = 1 . 6 0 1 0 - ~  r a d .  This va lue  corresponds t o  

19 
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= K L ~ $ ~ / K  = 4,500"K. equiv $ a r e l a t i v e l y  hi.gh equ iva len t  no i se  temperature  T 

However, even with such a r e l a t i v e l y  h igh  Tequiu va lue ,  dur ing  t h e  time 
T = 23 sec ( t e n  pe r iods )  it was p o s s i b l e  t o  r e s o l v e  small changes i n  pendulum 

energy. 

e r g .  

o s c i l l a t i o n s ,  r e g i s t e r e d  i n  a series. A t  t h e  times b and d t h e  pendulum was 

d&ped and swayed by p r e s s u r e  of  a s h o r t  l i g h t  impulse of energy 0 .9-103 e r g  

( t h i s  corresponds t o  an impulse moment of 3 0 1 0 - ~  dyne-cm-sec) .  

t h e  f i g u r e  t h e  ho r i zon ta l  l i n e s  denote t h e  mean angular  amplitudcs o f  o s c i l -  

l a t i o n s  and t h e  confidence l i m i t s  f o r  them (with a p r o b a b i l i t y  l e v e l  0 . 9 5 )  i n  the 

time i n t e r v a l s  a-b, b-e, c-d, and d-e .  In t h e  i n t e r v a l s  b-e and.8-d t h e  mean 
amplitudes a r e  s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e .  f i e  d i f f e r e n c e  could be  con- 

s ide red  s i g n i f i c a n t  i f  t h e  means d i f f e r e d  by more than  a ha l f -wid th  of  t h e  

confidence i n t e r v a l  A+ 

eon 

The minimum q u a n t i t i e s  o f  energy were about A W  = ~60'K = 7 . 8 0 1 0 ' ~ ~  

Figure 4 shows 38 va lues  of t h e  angular  amplitudes of  pendulum 

In 

eon ' 
In  our case A$ Z 1 . 8 0 1 0 - ~  r a d .  This means t h a t  by swaying t h e  pendu- 

lum during t h e  t ime ? = 23 s e c  (or  l e s s )  from small amplitudes t o  A$ = 

= 1.8*10-6  rad  it i s  p o s s i b l e  t o  r e g i s t e r  t h e  energy input  AW = K 4 (A$con)2 = 

= 7.8*1O-l5 e r g  = ~ 6 0  O K .  This va lue  agrees  s a t i s f a c t o r i l y . w i t h  t h e  es t imate  

of t h e  minimum d e t e c t a b l e  q u a n t i t y  of  energy, assuming as a po in t  of depar ture  

= 4,500 O K :  that Tequitr 

A It' 2i- x cquiv [ ?/z') 

(see expression (1 .13) ) .  S u b s t i t u t i n g  he re  -r* = 2,400 sec and = 23 s e c ,  we 

ob ta in  AW = ~ 4 6  O K  = 6 . 5 0 1 0 - ~ ~  e r g .  We note  t h a t  s i n c e  i n  t h e  es t imates  we 

used t h e  half-width of t h e  confidence i n t e r v a l  A$eon, i n  (1.13) a numerical /29 
f a c t o r  was dropped. Thus, t h e  r e s u l t i n g  e s t ima tes  of  AW correspond t o  a low 

r e l i a b i l i t y  l e v e l  (about 0 .7)  . 
We w i l l  c i t e  two o t h e r  f i g u r e s  f o r  cha rac t e r i z ing  t h e  descr ibed  appara tus .  

The va lue  A$eon = 1 . 8 0 1 0 - ~  rad  corresponds t o  a th re sho ld  amplitude of t h e  

s inuso ida l  resonance t r a i n  with a dura t ion  .r̂  = 23 s e c ,  equal  t o  Fo = l ~ l O - ~  

dyne ( i f  t h e  f o r c e  was appl ied  t o  t h e  edge of t h e  pendulum). 

be c rea ted  by t h e  p re s su re  of  a l i g h t  f l u x  with t h e  i n t e n s i t y  N' 20 e rg / sec .  

Such a f o r c e  can 
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1 § 2 .  Dynamic Effect of Instrument Regis te r ing  Small O s c i l l a t i o n s  on a 
- P  - - ~  

Mechanical Osci 1 l a t  o r .  

In  t h e  preceding s e c t i o n  we examined t h e  case of  d e t e c t i o n  of  t h e  mini- 

mum effect  on a mechanical o s c i l l a t o r  wi th  a l a r g e  time cons tan t .  

instrument r e g i s t e r i n g  t h e  o s c i l l a t o r  displacement was considered i d e a l ,  i . e . ,  

it was assumed t h a t  it exerts no effect  on t h e  o s c i l l a t o r .  

The 

In t h i s  s e c t i o n  w e  w i l l  analyze t h e  dynamic effects caused by d i f f e r e n t  

small displacement i n d i c a t o r s  ( d e t e c t o r s ) .  In  o t h e r  words, w e  w i l l  examine 

t h e  effect of  an i n d i c a t o r  on t h e  c h a r a c t e r i s t i c  frequency and damping of  a 
mechanical o s c i l l a t o r .  In  s t r i v i n g  t o  achieve t h e  smallest poss ib l e  response,  

t h e s e  e f f e c t s  must be taken i n t o  account,  and as w i l l  b e  seen  below, i n  some 

cases they must be c a r e f u l l y  compensated. 

E lec t ron ic  small displacement i n d i c a t o r .  We w i l l  examine t h e  e f f e c t  o f  a - .  ___-. . = -  _ . ~ _  

c a p a c i t i v e  t ransducer  on a mechanical o s c i l l a t o r .  The c a p a c i t i v e  t ransducer  

i s  one of t h e  most s e n s i t i v e  e l e c t r o n i c  devices  used i n  r e g i s t e r i n g  small 

mechanical displacements .  
c i r c u i t  with an a i r  c a p a c i t o r ,  one of whose p l a t e s  i s  movable (Figure 5 ) .  A 

displacement of t h e  o s c i l l a t o r  mass r e s u l t s  i n  a change i n  t h e  capac i to r  gap 

d ,  and accordingly,  a r e tun ing  of t h e  c h a r a c t e r i s t i c  frequency of t he  e l e c t r i c  

c i r c u i t .  I f  t h e  frequency of t h e  e l e c t r i c  genera tor  R i s  d isp laced  approx- 

imate ly  by t h e  half-width of t h e  e l e c t r i c  c i r c u i t  band (Figure 6 ) ,  a change 

Ad i n  t h e  capac i to r  gap leads  t o  t h e  maximum change AU i n  t h e  amplitude of 
t h e  e l e c t r i c  vo l tage  U ( T ,  d)  which can be r e g i s t e r e d  by an amplitude v o l t -  

meter .  The AU quan t i ty  i s  

The capac i t i ve  t ransducer  i s  usua l ly  an e l e c t r i c  

gen 

where Q i s  t h e  e l e c t r i c  c i r c u i t  q u a l i t y ,  U i s  t h e  amplitude of t h e  e l e c t r i c  
vo l t age  ac ross  t h e  capac i to r .  Usually 8 and t h e  c i r c u i t  resonance f re -  

quency 8 

e2 0 

gen 
are s u b s t a n t i a l l y  g r e a t e r  than  w opt mech' 

Capaci t ive t ransducers  can be  used i n  r e so lv ing  amplitudes o f  mechanical 
displacements up t o  cm and q u a s i s t a t i c  displacements  up t o  cm 

( f o r  f u r t h e r  d e t a i l s ,  see t h e  Appendix). 
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The mechanism of t h e  in f luence  of  t h e  capac i t i ve  t r ansduce r  on t h e  

dynamic c h a r a c t e r i s t i c s  of a mechanical o s c i l l a t o r  can be q u a l i t a t i v e l y  

represented  as fo l lows .  The c a p a c i t o r  p l a t e s  are a t t r a c t e d  with t h e  f o r c e  

where S is  t h e  area of  t h e  c a p a c i t o r  p l a t e s ,  and U i s  t h e  p o t e n t i a l  d i f f e r e n c e .  

Since R >> o (usua l ly  6 or 7 orders  of magnitude),  f o r  a 9en me ch 
mechanical o s c i l l a t o r  only slow Four ie r  components F ( T ,  d )  are important .  

We no te  t h a t  t h e  g r e a t e r  t h e  s e n s i t i v i t y  of t h e  senso r ,  t h e  g r e a t e r  w i l l  be  

t h e  U/d value ,  and accord ingly ,  t h e  g r e a t e r  w i l l  b e  t h e  mean f o r c e  of 

a t t r a c t i o n .  

p o s i t i o n  of t h e  mass m, s i n c e  displacements of mass l ead  t o  a r e tun ing  of t h e  

c i r c u i t  and a change i n  U ( T ,  d ) .  This means t h a t  t h e  a d d i t i o n a l  d i f f e r e n t i a l  

r i g i d i t y  AX = aF (T, d)/ad i s  added t o  t h e  mechanical o s c i l l a t o r  due t o  t h e  

F ( T ,  d)  fo rce ;  t h i s  changes t h e  c h a r a c t e r i s t i c  frequency of  o s c i l l a t o r  small 

o s c i l l a t i o n s  w 

equal  t o  t h e  time f o r  s t a b i l i z a t i o n  of e l e c t r i c  o s c i l l a t i o n s  i n  t h e  c i r c u i t .  

The l a g  f o r  a r e a c t i v e  element,  as i s  wel l  known, l eads  t o  regenera t ion  or 

degenerat ion i n  an o s c i l l a t o r y  system. Thus, a capac i t i ve - t r ansduce r  can a l s o  

change t h e  o s c i l l a t o r  r e l a x a t i o n  time. 

The v) value  i s  s t rong ly  dependent on t h e  instantaneous 

1113. mech This r i g i d i t y  i s  introduced wi th  a l ag  approximately 
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'! 
Quan t i t a t ive  e s t ima tes  f o r  t h e s e  two effects are e a s i l y  obta ined .  The 

amplitude of t h e  e l e c t r i c  vo l t age  U, across  t h e  t ransducer  c i r c u i t  i s  

where U i s  t h e  amplitude of o s c i l l a t o r  o s c i l l a t i o n s ,  y (d)  = ngen/Qci,. 0 

Assume t h a t  t h e  tun ing  i s  such t h a t  y = 1 + B/2Qe2, and t h a t  B i s  about 0 
t h e  amplitude g,= QeZUO (2)-1'2, u n i t y .  When 6 = f 1 and g r e a t e r  than  Q 

and t h e  t ransducer  response i s  c lose  t o  t h e  maximum. The F (d )  value  f o r  t h e  

case of small  dev ia t ions  of z from d corresponding t o  y i s  equal  t o  

e2 

0'  0 '  

X X 
In (2 .4)  we have omit ted t h e  terms (QeZ G)~, (Qe2 G)~, e t c .  A p o s i t i v e  

s ign  i n  (2 .4)  corresponds t o  t h e  r i g h t  s lope  of  t h e  resonance curve; a 

nega t ive  s ign  corresponds t o  t h e  l e f t  s lope  ( the  s i g n s  are t h e  same as f o r  6 ) .  

From (2.4) we ob ta in  t h e  d i f f e r e n t i a l  mechanical r i g i d i t y  AK: 

Thus, on t h e  l e f t  s lope  of t h e  resonance curve t h e  t ransducer  in t roduces  

a nega t ive  d i f f e r e n t i a l  r i g i d i t y  i n t o  t h e  mechanical o s c i l l a t o r y  system, i . e . ,  

it inc reases  t h e  per iod  of o s c i l l a t i o n s ;  on t h e  r i g h t  s lope  it in t roduces  a 

p o s i t i v e  d i f f e r e n t i a l  r i g i d i t y .  

If it i s  taken i n t o  account t h a t  t h e  AK va lue  i s  introduced with t h e  l ag  

Q e Z / Q c i r ,  t h e  equat ion f o r  o s c i l l a t o r  small o s c i l l a t i o n s  assumes t h e  

fol lowing form: 

,,,.f .:- ff j: -b (I\' -- -4- A K-) T 5 T- 0, ( 2  - 6 )  . mech 

- .. . .. . . .. . 
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where Hmech i s  t h e  f r i c t i o n  c o e f f i c i e n t  i n  t h e  o s c i l l a t o r .  

corresponds t o  t h e  r i g h t  s lope ,  whereas a minus s i g n  corresponds t o  t h e  l e f t  

s lope  of t h e  resonance curve f o r  an e l e c t r i c  c i r c u i t  on which t h e  frequency 

fl 

regenera t ion ,  whereas l a g  i n  nega t ive  r i g i d i t y  leads  t o  degenera t ion .  

s e l f - e x c i t a t i o n  condi t ion  for t h e  r i g h t  s lope  has t h e  very  simple form: 

A p l u s  s i g n  

i s  tuned. I t  i s  easy t o  s e e  t h a t  t h e  l a g  i n  p b s i t i v e  r i g i d i t y  leads  t o  
gen 

The 

Hence, by s u b s t i t u t i n g  (2 .5)  and t h e  expression f o r  7 ,  it i s  p o s s i b l e  t o  com- 

pute  t h e  minimum vo l t age  f o r  t h e  c i r c u i t  U: a t  which o s c i l l a t o r y  i n s t a b i l i t y  

a r i s e s  i n  t h e  o s c i l l a t o r  [ll] 

r . -  

i s  t h e  o s c i l l a t o r  q u a l i t y  when U: + 0 .  As can be  seen from (2 .8 ) ,  / 33  where Qmech - 
t h e  g r e a t e r  t h e  t ime cons tan t  T* and Qmech, t h e  l e s s e r  w i l l  be  t h e  U: values  

a t  which o s c i l l a t o r y  i n s t a b i l i t y  a r i s e s .  

Below, as an i l l u s t r a t i o n ,  we g ive  t h e  r e s u l t s  of measurements of t h e  

dynamic parameters of a t o r s i o n a l  pehdulum, whose small o s c i l l a t i o n s  were 

r e g i s t e r e d  by a capac i t i ve  t r ansduce r  ( f o r  f u r t h e r  d e t a i l s ,  s e e  [ l l ] ) .  The 

pendulum had t h e  fol lowing d a t a :  Qmech * 4*103, m = 4 g ,  d = 0 .1  cm, S = 0 
= 2n-0.1 s e c - l .  The capac i t i ve  t ransducer  c i r c u i t  had Rcir = IE 

c m 2 Y  Wmech 
= 2 ~ r = 6 - 1 0 ~  sec- ' ,  QeL = 50. 

Table 2 gives  the  per iod  of o s c i l l a t i o n s  T and the decrement (increment) 6 
0 

of t h e  amplitudes o& pendulum o s c i l l a t i o n s  f o r  d i f f e r e h t  amplitudes of 

e l e c t r i c  vo l tage  U, i n  t h e  c i r c u i t  with tuning of t h e  genera tor  f o r  t h e  l e f t  

and r i g h t  s lopes  of t h e  resonance curve.  

The change i n  t h e  per iod  T~ agrees  wel l  with expression ( 2 . 5 ) .  

The t a b l e  shows t h a t  o s c i . l l a t o r y  i n s t a b i l i t y  f o r  a t o r s i o n a l  pendulum 

This is somewhat l e s s  than fol lows from t h e  es t imate  appeared when Uz = 

which can be made us ing  ( 2 . 8 ) .  

t h a t  t h e  s e l f - e x c i t e d  o s c i l l a t o r  used i n  the  experiment was q u i t e  heav i ly  

3 V.  

The poss ib l e  reason f o r  t h i s  disagreement i s  
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loaded by t h e  t r ansduce r  c i rcu i t  and "responded" t o  a change i r i  i t s  para- 
meters with some a d d i t i o n a l  .?. ( f o r  f u r t h e r  d e t a i l s  see [11]>. 

A s  can be  

TABLE 2 

1 

11.0 

+ 2.4=10-3 
- .. . -  - 

. 

1 

11 .o  
- .  

+ 1 - 1 0 - ~  
_ ~ _  . . . . - 

seen from t h e  

. . - . . . .- ._ . . 

3 

11.4 13.0 

- .  . .- 

Right Slope 

3 

10.9 

. . . . . - - . - . 

. . . - . . . . - - --_ 

. -  . . . .  ~. ~ 

- 1.4.10-3 
; . I .  i .  . -  . 

above, t h e  two o s c i l l a t o r y  systems, a mechanical 

os c i  11 a t  o r  and an e l e c t r i c  c i r c u i t ,  having s u b s t a n t i a l l y  d i f f e r e n t  f requencies  
of c h a r a c t e r i s t i c  o s c i l l a t i o n s  ( i n  t h e  descr ibed example Reir/wmech 

are r e l a t e d  t o  Coulomb i n t e r a c t i o n  so  t h a t  o s c i l l a t o r y  i n s t a b i l i t y  can 
arise when t h e r e  i s  q u i t e  sn-iall f r i c t i o n  i n  t h e  mechanical o s c i l l a t o r .  

a Pe la t ionsh ip  i s  not  only manifested i n  p r e c i s e  experiments with t e s t  bodies  
i n  which r e l a t i v e l y  low-power s e l f - e x c i t e d  o s c i l l a t o r s  are used as senso r s .  

This e f f e c t  was a l s o  s i g n i f i c a n t  i n  powerful a c c e l e r a t o r s  i n  which t h e r e  was 

an o s c i l l a t o r y  mechanical i n s t a b i l i t y  of t h e  diaphragms forming p a r t  of t h e  

e l e c t r i c  r e sona to r s  [ 121 . 

6*107) ,  

Such 

In  experiments with t es t  bodies ,  as poin ted  out  i n  § 1, i n  o rde r  t o  i nc rease  
t h e  response it i s  d e s i r a b l e  t o  decrease H 

t h e  labora tory .  
us ing  e l e c t r o n i c  t r ansduce r s ,  it i s  necessary t o  inc rease  U, and decrease do 

(see formula ( 2 . 1 ) ) ,  which leads  t o  t h e  appearance o f  an add i t iona l  H AK? ,  

which e i t h e r  i nc reases  t h e  d i s s i p a t i o n  o r  leads t o  o s c i l l a t o r y  i n s t a b i l i t y .  

r e l a t i n g  t h e  t e s t  mass m with me eh' 
On t h e  o t h e r  hand, when measuring small o s c i l l a t i o n s  when 
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Thus, t h e s e  two requirements  are con t r ad ic to ry .  Accordingly,  t h e  use 

of e l e c t r o n i c  t r ansduce r s  f o r  r e g i s t e r i n g  small displacements  i s  ev iden t ly  

f e a s i b l e  only i n  experiments wi th  r e l a t i v e l y  l a r g e  masses (and accordingly,  

l a r g e  Hmech) - 
If  i t  is p o s s i b l e  t o  u s e  two t r ansduce r s  arranged symmetr ical ly  on a tes t  

mass, t h e  examined e f f e c t s  can be  cons iderably  compensated. Another obvious 
recommendation i s  t o  decrease  t h e  T va lue ,  i . e . ,  i n c r e a s e  R However, as 

w i l l  b e  demonstrated somewhat below, o p t i c a l  systems f o r  i n d i c a t i n g  small 

o s c i l l a t i o n s  a l s o  exe r t  an in f luence  on t h e  dynamic parameters  of mechanical 

o s c i l l a t o r s ,  and as i n  t h e  case of e l e c t r o n i c  t r ansduce r s ,  can lead  t o  t h e  

appearance of o s c i l l a t o r y  i n s t a b i l i t y .  

cir - 

Opt ica l  i n d i c a t o r s  of small displacements .  Two p r i n c i p a l  o p t i c a l  methods - /35 
i n  d i f f e r e n t  modi f ica t ions  a r e  known f o r  i n d i c a t i n g  small mechanical d i s -  

placements ( f o r  f u r t h e r  d e t a i l s  s e e  t h e  Appendix). In  t h e  f irst  method ( t h i s  

i s  sometimes c a l l e d  t h e  I tknife  and s l i t t t  method o r  t h e  "op t i ca l  l ever"  [13] ) ,  

t h e  o p t i c a l  image of  one d i f f r a c t i o n  g r a t i n g ,  ob ta ined  us ing  an o b j e c t i v e ,  i s  

matched with a second g r a t i n g  which usua l ly  has  t h e  same i n t e r v a l .  The d i s -  

placement of one of  t h e s e  g r a t i n g s  p a r a l l e l  t o  t h e  o t h e r  causes  a l i g h t  f l u x  

modulation. 

placements of about cm [14].  

Using t h i s  method it i s  p o s s i b l e  t o  r e g i s t e r  q u a s i s t a t i c  d i s -  

The second o p t i c a l  method f o r  

measuring small displacements i s  

similar t o  t h e  capac i t i ve  t r a n s -  
X - ducer  examined i n  t h e  preceding 

segment of t h i s  s e c t i o n .  The 

mi r ro r s  of  a Fabry-Perot resonator  

are tuned i n  such a way t h a t  t h e  

frequency of t h e  monochronatic 

source f a l l s  on t h e  slope. of a Figure 7 

resonance curve of t h e  fundamental type of r e sona to r  o s c i l l a t i o n s .  Small 

displacements of t h e  mi r ro r s  i n  t h e  d i r e c t i o n  of t h e  r e sona to r  a x i s  lead t o  an 

i n t e n s e  modulation of  t h e  l i g h t  f l u x  pass ing  through i t .  Using t h i s  method it 

has been p o s s i b l e  t o  r e g i s t e r  q u a s i s t a t i c  displacements  o f  about cm [15] 
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Now w e  w i l l  examine t h e  dynamic e f f e c t  o f  such o p t i c a l  i n d i c a t o r s  on a 
mechanical o s c i l l a t o r .  F i r s t  w e  w i l l  e s t ima te  t h e  d i s s i p a t i o n  introduced by 
a homogeneous l i g h t  f l u x  i n  a mechanical and harmonic o s c i l l a t o r  whose mass 

experiences t r a n s l a t i o n a l  motions along t h e  x -ax i s  (Figure 7) [16]. 

The anharmonic o s c i l l a t o r  c o n s i s t s  of  a mass experiencing o s c i l l a t o r y  

motion i n  t h e  x d i r e c t i o n  between two abso lu te ly  e l a s t i c  suppor ts  a and b. 
Thus, i n  t h e  absence o f  d i s s i p a t i o n  t h e  v e l o c i t y  during one ha l f -pe r iod  i s  /36 
cons tan t  and equal  t o  + v o ;  i n  t h e  course of t h e  o t h e r  ha l f -pe r iod  it i s  
equal t o  - v o .  We w i l l  assume t h a t  a l i g h t  f l u x  N o ,  completely absorbed by 

t h e  mass m y  i s  d i r e c t e d  along t h e  3: axis. 
b t o  a t h e  mass m must r e c e i v e  a g r e a t e r  f i e l d  impulse than  during movement 

from a t o  b. 
t h e  mass m during a f u l l  pe r iod  i s  equal t o  

I t  i s  clear t h a t  with movement from 

Simple computations show t h a t  a decrease  i n  t h e  v e l o c i t y  Au of 

where T 

corresponds t o  t h e  f r i c t i o n  c o e f f i c i e n t  

i s  t h e  f u l l  per iod  of  o s c i l l a t i o n s .  Such a v e l o c i t y  decrease 0 

(2.10) 

Here Hem i s  t h e  c o e f f i c i e n t  of f r i c t i o n  of e lec t romagnet ic  o r i g i n .  

f o r  a harmonic o s c i l l a t o r  H d i f f e r s  from (2.10) by a f a c t o r  of  t h e  o rde r  of  

u n i t y .  

Obviously, 

em 

The Hem parameter i s  small, even f o r  r e l a t i v e l y  powerful f l u x e s .  As a 

has  comparison we po in t  ou t  t h a t  t h e  f r i c t i o n  caused by a r a r i f i e d  gas H 

t h e  same o rde r  of  magnitude as Hem only i n  a deep vacuum. 

t h e  r ad ius  a 

gas 
For a sphere with 
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where 

temperature  i s  T .  
a = 1 cm, t h e  c o e f f i c i e n t  H 
No = l o 8  e rg /sec ,  then  Hem 

i s  t h e  concent ra t ion  o f  molecules of  a gas whose mass is  p and whose 

mm Hg, T = 100QK, I n  a hydrogen atmosphere with p = 

= 2 0 l O - l ~  g /sec .  

3 0 1 0 - l ~  g/sec.  If it i s  assumed t h a t  
gas 

I n  a case when t h e  mass m i n  t h e  example considered above (Figure 7) 

reflects well t h e  r a d i a t i o n ,  t h e  effect  i s  r e t a i n e d  and w i l l  b e  twice as 
g r e a t  : Hem = 4NO/c2. 

If  t h e  t e s t  body moves i n  a d i r e c t i o n  perpendicular  t o  t h e  l i g h t  f l u x  

(as occurs i n  t h e  case of an o p t i c a l  l e v e r ) ,  t h e  f l u x  w i l l  a l s o  in t roduce  

a small a d d i t i o n a l  f r i c t i o n  caused by t h e  Robertson-Poynting effect  [17, 181: 

IIem== (1 - I?)--& NO , 
(2 .12)  

where R i s  t h e  r e f l e c t i o n  c o e f f i c i e n t ,  N 
i nc iden t  on t h e  body1. 

i s  p a r t  o f  t h e  l i g h t  f l u x  i n t e n s i t y  - /37 0 

Thus, t h e  u s e  of  any type  of  l i g h t  f l u x  modulators i n  experiments with 

- N o / c 2 ,  comparable only with t h e  f r i c t i o n  i n  gases  h igh ly  r a r i f i e d  f o r  

t e s t  bodies  leads  t o  t h e  appearance of  a r e l a t i v e l y  small f r i c t i o n  H - em 

t e r r e s t r i a l  cond i t ions .  The time cons tan t  T* mc2/No, corresponding t o  t h e  

f r i c t i o n  c o e f f i c i e n t  Hem, i s  extremely l a r g e .  

sec, m = 10 g ,  t hen  T* = 

account t h e  expressions der ived  i n  t h e  preceding s e c t i o n  ( f o r  example, 

expression (1 .15) ) ,  t h e  presence of an enormous response r e se rve  i n  experiments 

with t e s t  bod ie s .  In  t h e  labora tory  a t  t h e  present  time it has only been 

p o s s i b l e  t o  ob ta in  va lues  T* rr 

been used i n  ob ta in ing  maximum response.  

s t a n t  T* = mc2/f lo  

forces  i n  t h e  case of  a r b i t r a r y  N values .  A more d e t a i l e d  ana lys i s  of  t h e  

a t t a i n a b l e  r e s o l u t i o n  i n  experiments with t es t  bodies  f o r  t h e  case when t h e  

For example, i f  No = l o 3  e rg /  

10 l8  sec ( ! ) .  This i n d i c a t e s ,  i f  we t ake  i n t o  

sec, and such time cons tan ts  have not  

We no te  t h a t  t h e  u s e  of  a time con- 

cannot b e  used i n  expressions f o r  minimum d e t e c t a b l e  

0 

-~ -- ~ _ _  
I The Robertson-Poynting e f f e c t ,  l i k e  t h e  l i g h t  f r i c t i o n  e f f e c t  i n  t h e  o s c i l -  

l a t o r y  motion o f  an o s c i a l a t o r  which reflects l i g h t ,  has  s t i l l  not  been d i s -  
covered exper imenta l ly .  
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only source of f l u c t u a t i o n s  i s  t h e  measuring instrument will be  given i n  

s e c t i o n  3 .  

The l i g h t  f l u x  i n  which t h e  t e x t  body i s  s i t u a t e d ,  i n  add i t ion  t o  a 
r e l a t i v e l y  small f r i c t i o n ,  a l s o  in t roduces  a r e l a t i v e l y  l a r g e  d i f f e r e n t i a l  

r i g i d i t y  

( i t  can be  a r b i t r a r i l y  c a l l e d  " l i g h t  r i g i d i t y " ) .  
o s c i l l a t o r ,  it i s  p o s s i b l e  t o  determine t h e  " l i g h t  r i g i d i t y "  i n  a homogeneous 

f l u x  (MI  (r)/ar = 0) as w e l l ,  as can b e  seen  from Figure  8. If t h e  o s c i l l a t o r  

i s  a symmetrical dumbbell with p l a t e s  on t h e  ends,  t h e  l i g h t  f l u x  i n  t h e  

d i r e c t i o n s  aa' c r e a t e  a nega t ive  " l i g h t  r i g i d i t y " ,  whereas i n  t h e  d i r e c t i o n s  

I n  t h e  case of a t o r s i o n a l  

bb' they c r e a t e  a p o s i t i v e  " l i g h t  r i g i d i t y " ,  equal t o  /38 

(2.13) 

where 

r e f l e c t i o n  c o e f f i c i e n t ,  cxo i s  t h e  angle between t h e  d i r e c t i o n  of t h e  l i g h t  

f l u x  and t h e  dumbbell. The r i g i d i t y  s i g n  i s  dependent on t h e  d i r e c t i o n  of 

t h e  l i g h t  f l u x e s .  

erg/sec.cm2 and t h e  " l i g h t  r i g i d i t y "  KZight  

i s  t h e  l i g h t  f l u x  d e n s i t y ,  S i s  t h e  a r e a  of t h e  p l a t e s ,  R i s  t h e  

When cxo = ~ / 4 ,  2 = 10 cm, R 1, S = 1 cm2, 0 = l o 7  

1 . 3 0 1 0 - ~  dyne-cm. 

\ 14 

\ / 

Figure 8 

As an i l l u s t r a t i o n ,  we 

g ive  t h e  parameters of a 

t o r s i o n a l  pendulum whose 

pe r iod  of c h a r a c t e r i s t i c  

o s c i l l a t i o n s  i s  retuned due 

t o  " l i g h t  r i g i d i t y . "  The 

pendulum i s  a dumbbell 14 cm 

i n  length  wi th  l i g h t  aluminum 

lugs on t h e  ends. The moment 
of  i n e r t i a  of t h e  dumbbell 

was 0 . 2  g=cm2. The dumbbell 

29 



was suspended h o r i z o n t a l l y  i n  an evacuated f l a s k  on a tungs ten  f i lament  

8 i n  diameter and 20 cm i n  l eng th .  I n  t h e  absence of l i g h t  f l u x e s  t h e  

pe r iod  of c h a r a c t e r i s t i c  o s c i l l a t i o n s  f o r  t h e  dumbbell was 15 .8  s e c .  

l i g h t  f l u x e s  are d i r e c t e d  as shown i n  Figure 8, wi th  a f l u x  dens i ty  

@ 2 0 1 0 ~  erg/sec-cm2 t h e  pe r iod  of o s c i l l a t i o n s  changed from 13.9 sec 

( d i r e c t i o n  of f l u x e s  aa ' )  t o  19.7 sec ( d i r e c t i o n  of f l u x e s  b b ' ) .  By smoothly 

changing t h e  f l u x  d e n s i t y  o r  t h e  angle  of inc idence  of  t h e  f l u x  on t h e  p l a t e s ,  

it i s  p o s s i b l e  t o  ob ta in  a smooth re tuning  of t h e  pe r iod  o f  c h a r a c t e r i s t i c  

pendulum o s c i l l a t i o n s .  

If t h e  

The u s e  of Fabry-Perot r e sona to r s  (or  o t h e r  i n t e r f e romete r s )  i n  theory  /39 
makes it p o s s i b l e  t o  o b t a i n  a g r e a t e r  response i n  r e g i s t e r i n g  small d i s -  

placements than  t h e  u s e  of o p t i c a l  l eve r s  (see Appendix). However, an 

inc rease  i n  response r e s u l t s  i n  an inc rease  i n  t h e  dynamic in f luence  of  such 

an i n d i c a t o r  on t h e  mechanical o s c i l l a t o r .  We w i l l  e s t ima te  t h e s e  e f f e c t s  i n  

t h e  experimental  model shown i n  Figure 9 .  Assume t h a t  one of t h e  mi r ro r s  i n  

t h e  Fabry-Perot r e sona to r  i s  i n  a f i x e d  p o s i t i o n ,  whereas t h e  second i s  d i s -  

placed toge the r  with t h e  mass m of t h e  o s c i l l a t o r  i n  t h e  d i r e c t i o n  of t h e  

r e sona to r  a x i s .  

cu r ren t  with displacement of t h e  mass it i s  necessary t o  tune  t h e  r e sona to r  

i n  such a way t h a t  t h e  frequency of t h e  o p t i c a l  source  f a l l s  i n  t h e  middle of  

t h e  resonance curve s l o p e .  This w i l l  r e s u l t  i n  maximum response,  b u t  a t  t h e  

same time t h e  l i g h t  p re s su re  on t h e  mi r ro r  w i l l  g r e a t l y  change during t h e  

displacement .  

g r e a t .  I t s  maximum value  [K 

In  order  t o  ob ta in  t h e  maximum change i n  photodetec tor  

The " l i g h t  r i g i d i t y "  a r i s i n g  i n  t h i s  way w i l l  be r e l a t i v e l y  

3 i s  equal t o  Zight m m  

(2.14) 

where N i s  source i n t e n s i t y ,  X i s  t h e  resonance wave l eng th ,  and R i s  t h e  

mir ror  r e f l e c t i o n  c o e f f i c i e n t .  

t h e  resonance curve s lopes  i s  used f o r  source tun ing .  

compute t h e  KZight va lue .  This i s  done us ing  t h e  well-known equat ions f o r  a 
Fabry-Perot r e sona to r  [19] and computing t h e  l i g h t  p re s su re  i n t e n s i t y  on t h e  

mi r ro r s  as a func t ion  of t h e  d i s t a n c e  between them. 

0 0 
The s i g n  o f  K l i g h t  i s  dependent on which of /40 

I t  i s  genera l ly  easy' t o  
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If i n  (2.14) it i s  
assumed t h a t  N o  = 300 MW, 

= 6 0 1 0 - ~  cm, (1 - R) = xO Source 

--out, 
I ; radiation I 

Figure 9 

= 1.10-2, then  [Kzight 3 %  marc 

k 2 0 1 0 ' ~  dyne/cm. 

A s  i n  a capac i t i ve  t r a n s -  

i n  l i g h t  ducer ,  t h e  r i g i d i t y  K 

t h e  Fabry-Perot r e sona to r  i s  

no t  introduced ins tan taneous ly  

bu t  with some l ag  .i == Z/c 

(1 - R). Accordingly, i n  

add i t ion  t o  t h e  r i g i d i t y  i n  an 

o s c i l l a t o r  with a Fabry-Perot r e sona to r  t h e r e  w i l l  b e  f r i c t i o n ,  whose s ign  i s  

determined by t h e  r i g i d i t y  s i g n  

(2.15) 

maximum was used i n  expression (2.15) .  Thus, i n  a Fabry-Perot The K Z i g h t  
r e sona to r  t h e r e  i s  add i t iona l  f r i c t i o n  4.rrZ/A0(1 - R ) 3  t imes g r e a t e r  than t h e  

f r i c t i o n  introduced i n t o  t h e  o s c i l l a t o r  by "free"  l i g h t  f l u x e s  (compare t h e  

expressions (2.15) ,  (2.10) and (2 .12) ) .  

I f  I - H e m l  ' Hmech' t h e  o s c i l l a t o r  o s c i l l a t i o n s  w i l l  become inc reas ing ly  

g r e a t e r  u n t i l  t he  amplitude of t h e  o s c i l l a t i o n s ,  as a r e s u l t  o f  t h e  nonl inear  

dependence KZight ( Z ) ,  becomes s t a t i o n a r y .  

a l ready  descr ibed i n t e r a c t i o n  between two o s c i l l a t o r y  systems (radio-frequency 

and mechanical) i n  t h e  case  of a capac i t i ve  t r ansduce r .  

t ransducer  t h e  i n t e r a c t i o n  caused by t h e  Coulomb a t t r a c t i o n  of  t h e  p l a t e s  i s  

nonl inear ;  i n  t h e  Fabry-Perot r e sona to r  t h e  l i g h t  p re s su re  i s  a l s o  quadra t ic -  

a l l y  dependent on f i e l d  amplitude.  

the K Z i g h t  
s a t e d .  

This e f f e c t  i s  similar t o  t h e  

In  a capac i t i ve  

A s  i n  t h e  case  of  a c a p a c i t i v e  t r ansduce r ,  
and Hem int roduced by t h e  Fabry-Perot r e sona to r  can be compen- 
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In  concluding t h i s  s e c t i o n  we w i l l  g ive  a numerical  e s t ima te .  I f  
- Z = l o 2  cm, X = 6 0 1 0 ~ ~  cm, (1 - R )  = 1 0 1 0 - ~ ,  N = 300 mW, then  [Hem]" - 

k 6 0 1 0 - ~  g /sec .  

LHem l m m  - Hmech '  

0 0 
When m = 10 g ,  w = 21r.10~ sec - l  and Qmech = l o 5 ,  we have: me& 

- 

Radiometric o s c i l l a t o r y  i n s t a b i l i t y .  The r ad iomet r i c  e f f e c t ,  as i n  t h e  

case of l i g h t  p re s su re ,  can c r e a t e  an add i t iona l  d i f f e r e n t i a l  r i g i d i t y .  

a vacuum of abou t  

magnitude l e s s  than t h e  l i g h t  p re s su re  and accordingly t h e  "radiometr ic  

r i g i d i t y "  i s  an o rde r  of magnitude l e s s .  However, t h e  thermal i n e r t i a  of t h e  

mass of a mechanical o s c i l l a t o r  can be r e l a t i v e l y  g r e a t  ( severa l  seconds o r  

more). This means t h a t  t h e  rad iometr ic  r i g i d i t y  i s  introduced with a l ag .  

Thus, even a rad iometr ic  r i g i d i t y  of small  magnitude can in t roduce  i n t o  a 

mechanical o s c i l l a t o r y  system a p o s i t i v e  o r  nega t ive  (depending on t h e  

r i g i d i t y  s ign )  f r i c t i o n .  The s i g n  f o r  "radiometr ic  r i g i d i t y "  i s  t h e  same as 

f o r  " l i g h t  r i g i d i t y "  ( t h i s  e f f e c t  was discovered by t h e  author  i n  co l l abor -  

a t i o n  with V .  N .  Rudenko) . 

With - /41 
mm Hg t h e  rad iometr ic  p re s su re  i s  a l r eady  an o rde r  of  

Table 3 gives  d a t a  on t h e  r e l a x a t i o n  time T *  of mechanical t o r s i o n a l  

o s c i l l a t o r s  used i n  checking t h e  ex is tence  of " l i g h t  r i g i d i t y "  ( see  Figure 8 ) .  

The T* va lue  i s  t h e  r e l a x a t i o n  t ime without l i g h t  f l u x e s ;  T*  i s  t h e  pendulum 

r e l a x a t i o n  time when t h e  d i r e c t i o n  of t h e  l i g h t  f l uxes  i s  along aa', T: i s  t h e  

pendulum r e l a x a t i o n  time when t h e  l i g h t  f l uxes  a r e  d i r e c t e d  along bb' (see 

Figure 8 ) .  The l e f t  column g ives  t h e  p re s su re  i n  t h e  f l a s k  i n  which t h e  

pendulum was p laced .  

0 - 

TABLE 3 

I - . 

16.0 

2-10-8 1 17.5  
I - 1 . -  . -. - , . .  

T * ,  min - 
- . .  

10.0 

15 .o  
. .  . -  

T* min I +' 

26.0 

18.5 

The t a b l e  shows t h a t  t h e  d i f f e r e n c e  Iz* - T * I  - and I T *  - T = I  i n c reases  with 

A t  h igher  pressures  an o s c i l l a t o r y  i n s t a b i l i t y  
0 0 

a d e t e r i o r a t i o n  i n  t h e  vacuum. 

appears f o r  t h i s  pendulum. 
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I n  summarizing t h e  considered 

e l e c t r o n i c  and o p t i c a l  instruments  

1 

I 
e f f e c t s  of t h e  dynamfc h f l u e n c e  of 

on mechanical o s c i l l a t o r s ,  w e  must once 

again emphasize t h e  t h e o r e t i c a l  p o s s i b i l i t y  of compensating such a dynamic 

effect; however, t h i s  w i l l  not  change t h e  f l u c t u a t i o n  e f f e c t  of t h e s e  i n s t r u -  
ments on o s c i l l a t o r s .  

§ 3 .  C l a s s i c a l  and Quantum Fluc tua t ion  - - - - .  Effec t  of a Measuring Instrument c on /42 - a Mechanical O s c i l l a t o r  

I n  § 1 i n  t h i s  chapter ,  we examined methods f o r  de t ec t ing  weak r e g u l a r  
I t  was e f f e c t s  on a mechanical o s c i l l a t o r  having a l a rge  t ime constant  T*. 

assumed t h a t  t he  instrument  r e g i s t e r i n g  t h e  change i n  movement of t h e  mass m 

of t h e  o s c i l l a t o r ,  caused by a r e g u l a r  e f f e c t ,  was i d e a l .  In  o the r  words, t h e  

assumption was made t h a t  t h e  instrument e x e r t s  n e i t h e r  dynamic nor  f l u c t u a t i o n  

e f f e c t s  on t h e  mechanical o s c i l l a t o r s .  I n  5 2 we examined t h e  dynamic e f f e c t  

exer ted  on an o s c i l l a t o r  by d i f f e r e n t  types of i n d i c a t o r s ,  an e f f e c t  which 

can b e  compensated. 

An inc rease  i n  t h e  t ime constant  T* of an o s c i l l a t o r ,  o r  i t s  equ iva len t ,  

a decrease i n  t h e  f r i c t i o n  c o e f f i c i e n t  H ,  being a source of  a f l u c t u a t i n g  

f o r c e ,  l eads  t o  an inc rease  i n  t h e  r e s o l u t i o n  i n  de t ec t ing  t h e  e f f e c t  of 

r e g u l a r  F ( T )  f o rces  on an o s c i l l a t o r .  I t  is c l e a r  t h a t  i n  t h e  case of 

s u f f i c i e n t l y  small H ( s u f f i c i e n t l y  l a rge  T*) a f l u c t u a t i o n  e f f e c t  begins t o  

appear from t h e  small  displacements i n d i c a t o r .  I t  is important t o  note  t h a t  

t h e s e  f l u c t u a t i o n s  (of nontechnical  o r i g i n )  cannot be compensated. 

With a f u r t h e r  i nc rease  i n  T* (decrease i n  H )  t h e  minimum d e t e c t a b l e  

F (T) va lues  w i l l  b e  determined exc lus ive ly  by t h e  f l u c t u a t i o n  e f f e c t s  from 

t h e  i n d i c a t o r .  In  o t h e r  words, i n  macroscopic experiments with t e s t  bodies  

with s u f f i c i e n t l y  l a r g e  T* t h e  s i t u a t i o n  i s  similar t o  t h a t  i n  quantum 

mechanics: it i s  impossible t o  exclude t h e  measuring instrument from consider-  

a t i o n .  

We w i l l  examine t h e  f l u c t u a t i o n  e f f e c t  o f  two types of instruments  f o r  

r e g i s t e r i n g  small o s c i l l a t i o n s  .of  macroscopic mechanical o s c i l l a t o r s .  

first d i scuss  t h e  e l e c t r o n i c  d e t e c t o r  of small displacements .  

We w i l l  
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Figure 10 shows a diagram of an experiment i n  which a capac i t i ve  transv 
The genera tor  frequency ducer was used as t h e  small displacement ind ica to r .  

52 i s  s l i g h t l y  (by approximately h a l f  t h e  width of  t h e  electric c i r c u i t  
9en 

resonance curve) d i sp laced  re la t ive t o  t h e  c i r c u i t  resonance frequency slci,. - /43 
Small o s c i l l a t i o n s  o f  t h e  mass m (and accordingly,  t h e  capaci tance C) l ead  

t o  l a r g e  changes i n  amplitude of t h e  c i r c u i t  e l e c t r i c  vo l tage ;  t h e s e  a r e  

r e g i s t e r e d  a f t e r  r e c t i f i c a t i o n  by t h e  measuring instrument .  

We w i l l  assume t h a t  by symmetrical 

arrangement of t h e  two (or  more) 

capac i to r  p l a t e s  it was poss ib l e  t o  

compensate completely t h e  dynamic e f f e c t  

of such a sensor  on t h e  mechanical 

o s c i l l a t o r  ( see  5 2 ) .  We w i l l  a l s o  assume 

t h a t  f l u c t u a t i o n s  i n  frequency and 

amplitude of t h e  s e l f - e x c i t e d  o s c i l l a t o r  

forming p a r t  of t h e  sensor  (see Appendix) 
Figure 10 

have been el iminated o r  s t rong ly  compensated and t h a t  t h e  H value  and 

accordingly t h e  mechanical f l u c t u a t i o n s  caused by H can be neglected (see 

formula (1 .15) ) .  Then t h e  thermal f l u c t u a t i o n s  of  e l e c t r i c  vo l tage  across  

t h e  r e s i s t o r  r i n  t h e  e l e c t r i c  c i r c u i t  l ead  t o  capaci tance f l u c t u a t i o n s .  The 

Coulomb i n t e r a c t i o n  of t h e  capac i to r  p l a t e s ,  whose charge f l u c t u a t e s ,  w i l l  b e  

t h e  only fo rce  F* 
r e g u l a r  F (T) f o r c e .  

aga ins t  whose background it i s  necessary t o  d e t e c t  t h e  f 2' 

Since t h e  Coulomb a t t r a c t i o n  of t h e  capac i to r  p l a t e s  i s  dependent on t h e  

square of t h e  vo l t age  between them, F* 

tude  of t h e  e l e c t r i c  vo l t age  UQ caused by t h e  s e l f - e x c i t e d  o s c i l l a t o r .  

Simple computations g ive  t h e  fol lowing expression f o r  t h e  s p e c t r a l  dens i ty  of 

F* 

w i l l  a l s o  be  dependent on t h e  ampli- fZ 

under t h e  condi t ion t h a t  umeeh << D cir and R gen = ' e i ,  (1 1/2Qez):  f Z  

where S i s  t h e  a r e a  of t h e  capac i to r  p l a t e s ,  U,,, i s  t h e  amplitude of t h e  

c i r c u i t  e l e c t r i c  vo l t age ,  QeZ i s  i t s  q u a l i t y ,  r i s  t h e  a c t i v e  r e s i s t a n c e  i n  /44 
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t h e  c i r c u i t ,  whose temperature  i s  T ,  d i s  t h e  mean d i s t a n c e  between t h e  0 
p l a t e s .  

In  o rde r  t o  d e t e c t  F 

where Af i s  t h e  frequency 

(T)  it is  necessary t h a t  

band wi th in  which most of t h e  F (T)  spectrum l i e s ;  

5 i s  a f a c t o r  having t h e  o rde r  of s e v e r a l  u n i t s  and dependent on t h e  s e l e c t e d  
l e v e l  of d e t e c t i o n  r e l i a b i l i t y  ( i f  only a s t a t i s t i c a l  e r r o r  of t h e  f i r s t  kind 

i s  s t i p u l a t e d ,  5 coinc ides  with t h e  t q u a n t i l e  of S tudent ’s  t). 1 -a 

As can b e  seen from (3.1) and (3.2) i n  o rde r  t o  decrease t h e  minimum 

d e t e c t a b l e  [F ( T ) ] ~ ; ~  va lue  it i s  necessary  t o  decrease t h e  amplitude of t h e  

e l e c t r i c  o s c i l l a t i o n s  i n  t h e  c i r c u i t  U%, decrease  S and QeZ, and inc rease  t h e  

gap do. However, t h i s  requirement leads  t o  a decrease i n  response i n  measur- 
ing t h e  [F ( T ) ] ~ ~ ~  va lue .  = Qcir (1 k 1/2Qe2),  t h e  
minimum d e t e c t a b l e  displacements [x (‘)Imin when us ing  a capac i t i ve  t r a n s -  

ducer  w i l l  b e  

If  umech << R and R 
cir gen 

Thus, [F ( T ) ] ~ ; ~  should cause a displacement g r e a t e r  than  [x ( T ) ] ~ ~ ~ ,  and 

t h e r e f o r e ,  U%/do 
should be  s a t i s f i e d ;  it t h e r e f o r e  fol lows t h a t  U%/d0 should not  be  g r e a t e r  
than  a c e r t a i n  va lue .  The ex i s t ence  of t h e s e  two such con t r ad ic to ry  r equ i r e -  

ments i s  i n d i c a t i v e  of t h e  ex i s t ence  of  an optimum s t r a t e g y :  t h e  [F ( T ) ] ~ ; ~  

va lue  must s imultaneously s a t i s f y  condi t ion  (3.2) and cause a displacement 

g r e a t e r  t han  ( 3 . 3 ) .  

which can be computed having only pre l iminary  information on t h e  F (T)  form. 

The minimum d e t e c t a b l e  f o r c e  [F ( T ) ] ~ ; ~  a c t u a l l y  corresponds t o  t h i s  [U%Ioptim. 

should be q u i t e  l a r g e ;  on t h e  o t h e r  hand, condi t ion  ( 3 . 2 )  

This means t h a t  t h e r e  i s  an optimum value  [U%IOptim, 

We w i l l  f i n d  [F (?)Imin f o r  t h e  case  F (T)  = F sin umech T during t h e  0 
t i m e  i n t e r v a l  O <  T G ? and F (T)  = 0 ou t s ide  t h i s ‘ t i m e  i n t e r v a l .  Then /45 
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S u b s t i t u t i n g  i n t o  ( 3 . 4 )  an express ion  f o r  [.: (-')Imifl, i n  which Af = l/?, 

and so lv ing  t h i s  equat ion j o i n t l y  w i t $  ( 3 . 2 )  f o r  F and U;, w e  ob ta in  0 

h 

The expressions f o r  [PImin and [U,,,Ioptim i n  t h e  case F (T) = F during t h e  

i n t e r v a l  0 < T < ?, i f  Q << l/umech, w i l l  d i f f e r  from (3.5) and ( 3 . 6 )  only 
i n  t h e  c o e f f i c i e n t  2, s i n c e  f o r  a s h o r t  impulse Ax = P? (mumech) -1 . 

These simple computations r e v e a l  t h a t  i n  t h e  case of  a s u f f i c i e n t l y  

small f r i c t i o n  i n  a mechanical o s c i l l a t o r ,  t h e  equi l ibr ium thermal f l u c t u a t i o n  

i n  t h e  e l e c t r o n i c  instrument  r e g i s t e r i n g  t h e  small o s c i l l a t i o n s  w i l l  d e t e r -  

mine t h e  minimum d e t e c t a b l e  r e g u l a r  f q r c e  [F ( T ) ] ~ ~ ~ ,  provided t h a t  t h e  

d e t e c t o r  i s  tuned i n  t h e  b e s t  way, t ak ing  i n t o  account pre l iminary  i n f o r -  

mation on t h e  F (T) form. As can b e  seen from ( 3 . 5 ) . ,  t h e  express ion  f o r  

LFo1min 
c i r c u i t  o s c i l l a t i o n s  R whereas t h e  o t h e r  parameters of  t h e  e l e c t r o n i c  cir ' 
device are determined only by [U ] % opt im'  
with optimum tuning  [FOlmin decreases  as ( ? ) - I .  

caused by H a r e  d e c i s i v e ,  t h e  [FOImin 
formula (1 .15) ) .  

inc ludes  only t h e  temperature  T and t h e  c h a r a c t e r i s t i c  frequency of  

I t  i s  a l s o  extremely important t h a t  

However, i f  t h e  f l u c t u a t i o n s  

va lue  decreases  as (see 

I t  fol lows from ( 3 . 5 )  t h a t  i n  o rde r  t o  reduce t h e  th re sho ld  [Folmin i t  i s  

advantageous t o  decrease  t h e  w /R r a t i o .  Since i n  de r iv ing  ( 3 . 5 )  and 

( 3 . 6 )  we used t h e  c l a s s i c a l  Nyquist theorem, not  t h e  Kallen-Welton expressions 

(for example, s e e  [20]), formulas ( 3 . 5 )  and ( 3 . 6 )  l o s e  t h e i r  v a l i d i t y  when 

KT/Rcir 
i n  t h e  case of an o p t i c a l  i n d i c a t o r .  

mech cir 

A .  The r o l e  o f  quantum f l u c t u a t i o n s  is  more convent ien t ly  examined 

The computation of [F ( T ) ] ~ ~ ~  given above for two s p e c i f i c  cases of t h e  - /46 
F (T) form is e a s i l y  repea ted  f o r  any o t h e r  F (T) form. 
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In  (3.5) we w i l l  assume t h a t  ~ l ' / / n ~ ~ ~  = 10 'a, umech = 1 sec-1, m = 1 g, 

With t h e  same umech, m ? = l o 3  sec, 5 = 2.  

and ?, t h i s  [Folmin value  i s  7-8 o rde r s  of magnitude less than  it is  

p o s s i b l e  t o  r e s o l v e  i n  present-day labora tory  experiments.  The next  chapter  

( § §  5, 6 ,  7) w i l l  g i v e  a more d e t a i l e d  comparison of  the a t t a i n e d  s e n s i t i v i t y  
i n  experiments with t e s t  bodies  and t h e  t h e o r e t i c a l l y  a t t a i n a b l e  response.  

Then [Polmin = 1 . 6 0 1 0 - ~ ~  dyne. 

Now w e  w i l l  examine t h e  f l u c t u a t i o n  effect of  an o p t i c a l  i n d i c a t o r  on a 
macroscopic o s c i l l a t o r .  Such an effect  is  caused by l i g h t  p re s su re  f l u c t u -  
a t i o n s  and with e l imina t ion  of  t e c h n i c a l  i n s t a b i l i t i e s  o f  l i g h t  f o r c e s  it has  

a quantum n a t u r e .  

d i scuss  two (nonc la s s i ca l )  r e s u l t s  f o r  a mechanical o s c i l l a t o r .  There i s  a 

p r e c i s e  s o l u t i o n  [21]  ( I .  I .  Gol'dman, V .  D .  Krivchenkov) f o r  t h e  p r o b a b i l i t y  

.P On 
s t a t e  a f te r  a t i m e - f i n i t e  exposure t o  a classical  f o r c e  F ( T ) :  

Before proceeding t o  an a n a l y s i s  o f  t h i s  problem, w e  w i l l  

o f  t r a n s i t i o n  of a quantum o s c i l l a t o r  from t h e  fundamental t o  t h e  n - th  

(3.7) 

where m i s  t h e  o s c i l l a t o r  mass, w i s  i t s  c h a r a c t e r i s t i c  frequency. I f  

2' ( T )  h a s  t h e  form of  a t r a i n  of s inuso ida l  o s c i l l a t i o n s  with t h e  amplitude 
Yo, a frequency co inc id ing  with w 

me ch 

and a du ra t ion  Q, then  mech ' 

OD 

A f o r c e  with t h e  amplitude Fo can be considered de tec t ed  i f  

i s  q u i t e  c l o s e  t o  1. 

C 
i= 1 

poi = (1 - a) 

The c1 parameter,  as i n  § ,  has t h e  sense of a s t a t i s t i c a l  

e r r o r  'of t h e  f irst  kind.  Expression (3.9) can b e  rewri t ten as fo l lows:  - /47 

(3.10) 
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H e r e ' t  i s  t h e  time of exposure t o  t h e  F (T)  f o r c e ,  But no t  t h e  t ime expended 

on measurement T . When y = 2, 3 ,  4 ,  t h e  (1 - a) value  i s  equal  t o  0.86, 

0.95, 0.98 r e s p e c t i v e l y .  
meas 

Expression ( 3 .  l o ) ,  l i k e  (3.5) 

(if i n  t h e  l a t t e r  K T / Q ~ ~ ~  i s  re- 

p laced  by E), does n o t ,  however 

herent - _ _ _  -z-]wm diode conta in  an answer t o  t h e  ques t ion  

of  t h e  minimum d e t e c t a b l e  ampli- 

t ude  of  t h e  f o r c e  [FO]min f o r  a 

Figure 11 

s t i p u l a t e d  time T . I t  i s  

p o s s i b l e  t o  " learn" whether an 
meas 

o s c i l l a t o r  has  responded t o  t h e  

F ( T )  f o r c e ,  i . e . ,  whether i t  has  "absorbed" one o r  more quanta  only by await- 

ing  spontaneous r a d i a t i o n ,  whose t ime i s  not  always easy t o  determine1. 

i t  i s  necessary t o  supplement t h e  o s c i l l a t o r  by an instrument  i n  which t h e r e  

a r e  a l s o  quantum f l u c t u a t i o n s ,  and t a k e  i n t o  account i t s  inve r se  e f f e c t  on t h e  

o s c i l l a t o r .  

Thus, 

Before proceeding t o  an examination o f  t h i s  problem, we no te  t h a t .  t h e  

p r o b a b i l i t y  of t r a n s i t i o n  of t h e  o s c i l l a t o r  under t h e  in f luence  of t h e  same 

f o r c e  from t h e  n- th  s t a t e  i n t o  t h e  next  s t a t e  w i l l  be t h e  g r e a t e r ,  t h e  g r e a t e r  

rhe  n va lue .  

ba t ion  theory  f o r  p ,  [33 ] ,  it i s  easy t o  f i n d  t h a t  i f  F(T)  has t h e  form of 

a t r a i n  with t h e  du ra t ion  2 ,  t h e  amplitude F O ,  and a frequency coinciding with 

w 

c l o s e  t o  u n i t y  i f 2  

Using well-known express ions ,  der ived  by t h e  methods of  p e r t u r -  

t h e  p r o b a b i l i t y  of t r a n s i t i o n  from the  n- th  t o  t h e  (n + 1)-st s t a t e  i s  /48 me& ' - 

. -  - _ - = ~  ~= ~ i - _ _ . _ j  - . . .  . . : . . ~ ~  . . . .  ~ t . i  .. ~.~ 
For example, i f  t h e  r i g i d i t y  i n  t h e  o s c i l l a t o r  was c rea t ed  by a g r a v i t y  
f i e l d  g rad ien t  (as  was t h e  case ,  f o r  example, i n  some experiments made by 
Eotvos [ 2 2 ] ) ,  i n  o rde r  t o  determine t h e  time of spontaneous r a d i a t i o n  it i s  
necessary t o  quant ize  t h e  g r a v i t a t i o n a l  i n t e r a c t i o n .  

and y coincides  with express ion  (3 .8) .  Assuming y t o  be small ( i f  f o r  no 
o t h e r  reason than  t o  in su re  t h a t  pnn+l w i l l  be  c lose  t o  l ) ,  and a l s o  assum- 
ing  t h a t  Fo ( T )  = F sin%,& T during t h e  i n t e r v a l  T ,  we obta in  t h e  approxi- 
mate expression ( 3 .  ?1) .  



F 
T 

0 
(3.11) 

Thus, t h e  g r e a t e r  t h e  n value  t h e  lesser w i l l  be  t h e  d e t e c t a b l e  f o r c e  (with 

t h e  same r e s e r v a t i o n s  on t h e  observa t ion  t i m e  as f o r  expression (3 .10) ) .  

Expression (3.11) shows t h a t  t h e  g r e a t e r  t h e  i n i t i a l  amplitude o f  o s c i l l a t o r  
o s c i l l a t i o n s ,  t h e  lesser w i l l  be t h e  r o l e  played by t h e  d i s c r e t e n e s s  of  its 

energy l e v e l s  and t h e  more important w i l l  be  t h e  f l u c t u a t i o n s  i n  t h e  i n s t r u -  

ment r e g i s t e r i n g  t h e s e  o s c i l l a t i o n s .  Accordingly, i n  t h e  approximate problem 

examined below we w i l l  assume t h e  o s c i l l a t o r  t o  be  c l a s s i c a l  and t ake  i n t o  

account only t h e  quantum f l u c t u a t i o n s  i n  t h e  o p t i c a l  instrument .  

We w i l l  assume t h a t  a Fabry-Perot r e sona to r  (Figure 11) was used as t h e  

instrument  r e g i s t e r i n g  t h e  small  o s c i l l a t i o n s  of  t h e  c l a s s i c a l  o s c i l l a t o r .  

One of t h e  r e sona to r  m i r r o r s ,  a source of coherent o p t i c a l  r a d i a t i o n  with t h e  

i n t e n s i t y  No and frequency v o ,  a t t ached  t o  t h e  o s c i l l a t o r  mass, e x c i t e s  i n  t h e  

r e sona to r  o s c i l l a t i o n s  i n  t h e  fundamental type  of o s c i l l a t i o n s .  

t h e  mi r ro r  a t t ached  t o  t h e  mass m r e s u l t s  i n  a modulation of t h e  l i g h t  f l u x  

emerging from t h e  r e sona to r  and t h i s  f l u x  i s  r e g i s t e r e d  by a quantum counter .  

Motion of 

In  o rde r  t o  ob ta in  t h e  maximum response such a r e sona to r  must be s l i g h t l y  

(by Av = vo/2&resJ where Qpes i s  t h e  r e sona to r  q u a l i t y )  detuned r e l a t i v e  t o  

t h e  frequency v With such tun ing ,  as i n  t h e  case of a c a p a c i t i v e  t r ansduce r ,  0 '  
t h e  mechanical o s c i l l a t i o n s  of  t h e  mir rors  g ive  t h e  maximum l i g h t  f l u x  modu- /49 
l a t i o n  i n t e n s i t y  (see Appendix). 

We w i l l  assume t h a t  t h e  use  of a compensated measurement c i r c u i t  can 
e l imina te  t h e  r i g i d i t y  AK and t h e  f r i c t i o n  H 

by t h e  o p t i c a l  i n d i c a t o r  and a s soc ia t ed  with t h e  high r e sona to r  q u a l i t y .  

r e spec t  t o  t h e  l i g h t  source ,  we w i l l  assume t h a t  t e c h n i c a l  i n s t a b i l i t i e s  of 

i n t e n s i t y  and frequency have been compensated and t h a t  t h e  s p e c t r a l  dens i ty  of  

source frequency d e v i a t i o n  w ( v )  and t h e  s p e c t r a l  d e n s i t y  of t h e  l i g h t  f l u x  
modulation M2 are equal t o  

[ ,ya (y)]* e -"v" -'I' 

int roduced i n  t h i s  experiment e m  
With 

w 

pT"= nlm! 9 where 
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where vo i s  t h e  mean source r a d i a t i o n  frequency, N 
t h e  r e sona to r  i npu t ,  Avres i s  t h e  width of  t h e  r e sona to r  frequency band, A 

and A ’  are dimensionless f a c t o r s .  

and t h e  frequency v 

Bose f l u c t u a t i o n s ,  t hen  A ’  = 1. In  modern gas l a s e r s  A ’ = l o 2  f o r  t h e  low 

modulation f requencies  and with an inc rease  i n  modulation frequency A ‘  = 1 

( for  example, s e e  [24 ] ) .  

f a c t o r  A (see [ZS]). In  subsequent computations it w i l l  be  assumed t h a t  

A = A ’ .  

i s  t h e  mean i n t e n s i t y  a t  0 

If t h e  photons are emi t ted  independently 

i s  s u f f i c i e n t l y  g r e a t  so t h a t  t h e r e  a r e  no c h a r a c t e r i s t i c  0 

Approximately t h e  same s i t u a t i o n  e x i s t s  f o r  t h e  

If t h e  f l u c t u a t i o n  c h a r a c t e r i s t i c s  of t h e  source are descr ibed  by 

expressions (3.12) and (3.13) , t h e  minimum d e t e c t a b l e  c l a s s i c a l  displacement ,  

[z (‘)Imin which w i l l  cause modulation g r e a t e r  than  t h e  f l u c t u a t i o n  l e v e l  w i l l  

be 

(3.14) 

In  (3.14) R i s  t h e  c o e f f i c i e n t  of  r e f l e c t i o n  from t h e  mi r ro r s ,  Af i s  t h e  

frequency band c h a r a c t e r i s t i c  f o r  ~ 1 :  ( T ) ,  5 i s  a dimensionless  f a c t o r ,  t h e  

same as i n  formula (3 .3 ) ,  e i s  t h e  speed of  l i g h t .  Formula (3.14) was 

der ived  on t h e  assumption t h a t  t h e  f l u x  i s  q u i t e  powerful No/hvoAf >> 1 

(under t h i s  condi t ion  expression (3.13) has  sense ) ;  it was a l s o  assumed t h a t  /50 
t h e  quantum y i e l d  of t h e  photodetec tor  is c l o s e  t o  u n i t y .  

The F (T)  f o r c e  must cause a displacement g r e a t e r  than  [r(~)],, , .  For 
example, i f  F (T) = Fo sin umech T during t h e  i n t e r v a l  <, it i s  necessary t h a t  

(3.15) 
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On t h e  o t h e r  hand, l i g h t  p re s su re  f l u c t u a t i o n s  on 

should not  be  g r e a t e r  than  F (T). In  a case o f  F 

s inuso ida l  t r a i n ,  

t h e  o p t i c a l  r e sona to r  walls 

(T) having t h e  form of  a 

(3.16) 

From a comparison (3.15) and (3.16) it can be  seen t h a t  t h e  requirements on 
source i n t e n s i t y  are con t r ad ic to ry :  t h e  g r e a t e r  t h e  mean i n t e n s i t y  N o ,  t h e  

smaller a r e  t h e  f o r c e s  which can be  d iscr imina ted  (see ( 3 - 1 5 ) ) ;  on t h e  o the r  

hand, an inc rease  i n  N l eads  t o  an inc rease  i n  t h e  absolu te  magnitude of  

p re s su re  f l u c t u a t i o n s  on t h e  mi r ro r s ,  and t h e r e f o r e  increases  t h e  th re sho ld  
of t h e  d e t e c t a b l e  f o r c e  (see (3 .16 ) ) .  This means t h a t ,  as i n  t h e  case o f  an 

e l e c t r o n i c  device ,  t h e r e  i s  an optimum mean i n t e n s i t y  [ N  3 a t  which t h e  0 o p t i m  
F o  values  computed us ing  (3.15) and (3.16) co inc ide .  This f o r c e  amplitude 

w i l l  be  t h e  minimum d e t e c t a b l e  q u a n t i t y .  

0 

Solving (3.15) and (3.16) j o i n t l y  f o r  F o  and N o ,  we ob ta in  

(3.18) 

In  c o n t r a s t  t o  formulas (3.10) and (3 .11) ,  i n  formula (3.17) t h e  ? parameter 

i s  s imultaneously t h e  t ime of  t h e  e f f e c t  and t h e  time expended on measurement. 

As can be  seen from a comparison of (3.10) and (3 .17) ,  when A = 1 they  coin- 

c ide  with an accuracy t o  a numerical  f a c t o r  of about u n i t y .  I t  i s  very  

important t h a t  t h e  parameters of t h e  o p t i c a l  r e sona to r  do no t  e n t e r  i n t o  t h e  /51 
formula f o r  t h e  minimum d e t e c t a b l e  f o r c e  (o the r  than  t h e  f a c t o r  A ,  charac te r -  

i z i n g  t h e  source s t a t i s t i c s ) .  

A f t e r  comparing formulas (3 .17) ,  (3 . l o )  and (3.11) ,  it can be  concluded 

t h a t  neg lec t ing  t h e  d i s c r e t e n e s s  of t h e  o s c i l l a t o r  energy l e v e l s  i s  j u s t i f i e d  

i n  any case when A 2 1 and n >, l o 2 .  These condi t ions  a r e  necessary f o r  t h e  

u s e  o f  t h e  approximating formula (3.17) i n  computing t h e  minimum d e t e c t a b l e  

amplitudes o f  f o r c e s  f o r  a s t i p u l a t e d  measurement t i m e .  We note  t h e  

41 



s i m i l a r i t y  of formulas (3.17) and (3.5) :  i n  both cases ,  f o r  both t h e  o p t i c a l  

and e l e c t r o n i c  sensors ,  t h e  pre l iminary  information on s i g n a l  du ra t ion  ? makes 

it p o s s i b l e  t o  formulate  t h e  law of decrease i n  t h e  minimum d e t e c t a b l e  fo rce :  

In  der iv ing  (3.17) and (3.18) we examined an i d e a l i z e d  model of an 

experiment with a t e s t  body; accordingly,  t h e  reg ion  of a p p l i c a b i l i t y  f o r  

t hese  formulas i s  l imi t ed .  However, as w i l l  be  c l e a r  from t h e  es t imates  

given below, t h i s  region i s  r e l a t i v e l y  broad, p a r t i c u l a r l y  f o r  small  w 

and l a r g e  <. 
mech 

As already mentioned, expression (3.13) i s  v a l i d  only f o r  r e l a t i v e l y  

powerful l i g h t  f l uxes  when the  condi t ion NO/hvOAf >> 1 i s  s a t i s f i e d .  

i n  t h i s  i nequa l i ty  t h a t  Af = l/: and s u b s t i t u t i n g  [ N  3 
ob ta in  the  lower l i m i t  f o r  masses i n  experiments with t e s t  bodies f o r  which 

t h e  approximate formula (3.17) i s  co r rec t  

Assuming 

i n t o  i t ,  we 0 optim 

(3.19) 

= 1 s e c - l ,  R = 0.99, X If it i s  assumed i n  (3.19) t h a t  wmech 

i s  necessary t h a t  m >> 1*10-13 g .  

f o r  which (3.17) and (3.18) a r e  co r rec t  i s  q u i t e  smal l .  

- 6 0 1 0 ~ ~  cm, it 0 -  
Thus, t he  lower l i m i t  f o r  o s c i l l a t o r  masses 

In order  t o  be ab le  t o  use formula (3.16) ,  from which (3.17) and (3.18) 

were der ived ,  it i s  necessary t h a t  t he  mechanical o s c i l l a t o r  have c l a s s i c a l  

i n t e r a c t i o n  with t h e  l i g h t  f l u x  p res su re  f l u c t u a t i o n s .  This means t h a t  t h e  

o s c i l l a t o r  must have an i n i t i a l  amplitude of mechanical o s c i l l a t i o n s  x 
s u f f i c i e n t l y  l a rge  i n  order  t h a t  t h e  l i g h t  p re s su re  f l u c t u a t i o n s  during t h e  

t ime ? e i t h e r  draw from it or impart t o  it an energy s u b s t a n t i a l l y  g r e a t e r  

than humech. Assuming A = 1, it i s  easy t o  demonstrate t h a t  

i n  ’ 

In  i t s  phys ica l  sense t h e  xin parameter i s  s i m i l a r  t o  the  c h a r a c t e r i s t i c  

amplitude of nuc lear  o s c i l l a t i o n s  i n  a c r y s t a l  l a t t i c e  ( c h a r a c t e r i s t i c  

temperature) i n  t h e  Mossbauer e f f e c t .  Expression (3.20) ind ica t e s  t h a t  t h e  
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1. [X (-c)I.~ value  

t h e  displacement 

i n  (3.14) and (3.15) must be  regarded as an increment of 

of o s c i l l a t o r  mass toward xin. 

By s u b s t i t u t i n g  t h e  [Noloptim value  from (3.18) i n t o  (3.20) .  i n  p l ace  o f  

N o ,  w e  ob ta in  

(3.21) 

I t  i s  easy t o  see t h a t  t h e  condi t ion  co inc ides  with t h e  above-mentioned 

requirement n >, 1 0 2 .  

The formulas (3.17) and (3.18) der ived  above, as we l l  as t h e  r e s t r i c t i o n s  

on t h e  reg ion  o f  t h e i r  a p p l i c a b i l i t y  (3.19) and (3.21), are v a l i d  f o r  t h e  

considered experimental  model with a t e s t  body i n  which one extremely important 

s i m p l i f i c a t i o n  has  been made: t h e  l i g h t  f l u x  i s  t h e  only source of a mechanical 

f l u c t u a t i o n  e f f e c t ,  and t h e  o s c i l l a t o r  mass m, t oge the r  with t h e  mi r ro r  of t h e  

Fabry-Perot r e sona to r ,  i s  regarded as an abso lu te ly  s o l i d  body. However, t h e  
real  mass and r e a l  mi r ro r  have a f i n i t e  temperature  and spectrum of cha rac t e r -  

i s t i c  mechanical f requencies .  If  t h e  mass and mi r ro r  are regarded as i d e a l l y  

hea t - in su la t ed  from t h e  l abora to ry ,  i n  t h i s  case as w e l l  t he  f l u c t u a t i o n  

exchange of energy between t h e  i n t e r n a l  mechanical degrees  of freedom i n  t h e  

pas s ive  "mass-mirror" thermostat  can lead  t o  a swaying of t h e  o s c i l l a t o r  as a 

whole. We w i l l  r egard  t h i s  mechanism of t h e  f l u c t u a t i o n  e f f e c t  on an 

o s c i l l a t o r  i n  a s i m p l i f i e d  model. 

We w i l l  assume t h a t  t h e  o s c i l l a t o r  r i g i d i t y  K1 asymmetrically connects 

t h e  o s c i l l a t o r  mass m t o  t h e  l abora to ry .  

in t roduce  mechanical f r i c t i o n  i n t o  t h e  o s c i l l a t o r  (H = 0 ) ,  and accordingly,  

i f  t h e  mass m i s  considered an abso lu te ly  s o l i d  body, t h e  l i m i t i n g  formulas 
(3.17) and (3.18) a r e  app l i cab le  f o r  t h e  o s c i l l a t o r .  The c h a r a c t e r i s t i c  

thermal o s c i l l a t i o n s  of t h e  mass m, due t o  t h e  asymmetrical connection of 
r i g i d i t y  K1 t o  t h e  labora tory ,  l ead  t o  a swaying of  t h e  c e n t e r  of  mass r e l a t i v e  

t o  t h e  l abora to ry .  I t  i s  clear t h a t  t h e  p r i n c i p a l  con t r ibu t fon  t o  such a 

process  must be  from low-frequency types of o s c i l l a t i o n s  of t h e  mass m. We 

w i l l  l i m i t  ourse lves  t o  a cons idera t ion  of  t h e  most low-frequency type,  having 

t h e  frequency w 2 .  

We w i l l  assume t h a t  K1 does not  

1 

For t h i s  purpose w e  w i l l  v i s u a l i z e  t h e  mass m i n  t h e  form of a 
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quadrupole o s c i l l a t o r  with t h e  concent ra ted  masses m/2, r i g i d i t y  K2 = mw;/4, and 

f r i c t i o n  H = w2m/2Q2 (Figure 12) .  The f l u c t u a t i o n  fo rce  F whose s p e c t r a l  

d e n s i t y  i s  (F 

ing  t h e  quadrupole o s c i l l a t o r .  

o s c i l l a t o r  i s  connected t o  t h e  labora tory  by t h e  r i g i d i t y  K1, whereas t h e  

r i g h t  mass is  "free", t h e  c e n t e r  of  mass of  t h e  quadrupole o s c i l l a t o r  w i l l  b e  

d isp laced  r e l a t i v e  t o  t h e  l abora to ry  coordinate  system. 

continuous frequency spectrum beginning from zero;  accordingly,  t h e  cen te r  of 

mass w i l l  b e  exc i t ed  and a t  t h e  frequency w1 = q. 

2 f l y  
): = ~ K T H ~ ,  causes r e l a t i v e  displacements  of  t h e  masses form- fZ 

Since t h e  l e f t  mass of  t h e  quadrupole 

The Ffz f o r c e  has  a 

Figure 1 2  

Thus, formulas (3.17) and (3.18) 

w i l l  have v a l i d i t y  i f  t h e  f l u c t u a t i o n  

increments of t h e  amplitude of o s c i l l -  

a t i o n s  f o r  t h e  c e n t e r  of  mass m ,  caused 

by p res su re  f l u c t u a t i o n s  [N 3 0 op t im '  
exceed t h e  displacements caused by t h e  

F f l u c t u a t i o n  fo rce  r e l a t e d  t o  H 

In  t h e  case of a s inuso ida l  t r a i n  it i s  

necessary t h a t  

2 '  f Z  

(3.22) 

2' In  der iv ing  condi t ion  (3.22) it was taken i n t o  account t h a t  w1 << w 

A more r igorous  examination of t h i s  problem, t ak ing  i n t o  account a l l  

p o s s i b l e  types of  o s c i l l a t i o n s  i n  t h e  mass m which can lead  t o  a displacement 

of t h e  cen te r  of  mass m ,  l eads  t o  t h e  fol lowing condi t ion :  /54 

( 3 . 2 3 )  

where e i s  t h e  d i s t r i b u t i o n  of  f r i c t i o n  along m, L i s  t h e  l i n e a r  dimension of 

t h e  mass i n  t h e  d i r e c t i o n  of o s c i l l a t i o n s .  

of (3.22) and (3.23), it i s  e n t i r e l y  poss ib l e  t o  l i m i t  onese l f  t o  t h e  f irst  

term of t h e  series,  due t o  i t s  r a p i d  convergence. 

As can be  seen from a comparison 
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It  fol lows from t h e  above d iscuss ion  t h a t  formulas (3.17) and (3.18) can 
be  used and t h e r e  is no need t o  employ an abso lu te ly  s o l i d  body as a t e s t  

body. I t  i s  s u f f i c i e n t  t h a t  i n  t h e  case of f i n i t e  ? t h e r e  be  a small r a t i o  

of t h e  fundamental o s c i l l a t o r  frequency t o  t h e  frequency of  t h e  lowest type 

of o s c i l l a t i o n s  of  t h e  tes t  body (or  t h e  t e s t  body toge the r  with a mi r ro r ) .  
b 

Now we w i l l  g ive  es t imates  f o r  s p e c i f i c  parameters en te r ing  i n t o  con- 

If m = 10 g ,  u1 = 6.10-I s e c - l ,  ? = l o 3  s e c ,  f o r  t h e  l e f t -  d i t i o n  (3.22).  

hand s i d e  of (6.22) we ob ta in  1 . 6 0 1 0 - ~ ~  dyne. If t h e  mass m1 = 10 g has  t h e  

form of a sphere f a b r i c a t e d  from ord inary  ma te r i a l s  ( s t e e l ,  q u a r t z ,  aluminum), 

then w2 2 0 1 0 ~  s e c - l  and Q2 =: l o 4 .  Assuming l' = 300 O K ,  f o r  t h e  r ight-hand 

s i d e  of (3.22) we ob ta in  3.6*10-20 dyne. Thus, f o r  t h e  above-mentioned 

parameters condi t ion (3.22) i s  s a t i s f i e d .  In o the r  words, even a t  room 

temperature  t h e  f l u c t u a t i o n s  of  quantum o r i g i n  i n  an o p t i c a l  i n d i c a t o r  

determine t h e  minimum d e t e c t a b l e  f o r c e .  

In  conclusion of  our  ana lys i s  of formulas (3.17) and (3.18) we note  t h a t  

t h e  use  of optimum s t r a t e g y  (which makes it p o s s i b l e  t o  decrease [Polmin as  
(;)-I) i s  l imi ted :  on t h e  r ight-hand s i d e  of condi t ion  (3.22) ? appears a s  

(;)-ll2, whereas on t h e  le f t -hand  s i d e ,  it appears as  T - l .  This  means t h a t  

with s u f f i c i e n t l y  l a r g e  and with t h e  o t h e r  parameters f i x e d ,  condi t ion 

(3.22) w i l l  be  impaired and t h e  use  of an optimum measurement s t r a t e g y  w i l l  

be  impossible .  

Now we w i l l  b r i e f l y  d i scuss  s t i l l  another  r e s t r i c t i o n  for formulas 

(3.17) and (3.18) i n  t h e  d i r e c t i o n  of high f requencies  of c h a r a c t e r i s t i c  

o s c i l l a t i o n s  f o r  a mechanical o s c i l l a t o r .  

A l i g h t  impulse with t h e  energy AW ( the  impulse can a l s o  be of f l u c t u -  

a t i o n  o r i g i n )  upon incidence on t h e  o s c i l l a t o r ,  causes not  only t h e  mechanical 

impulse A W  (1  + R)c-I, but  a l s o  p a r t i a l  hea t ing  of t h e  mass m ,  and t h e r e f o r e ,  

a nons ta t ionary  temperature f i e l d .  

a c o u s t i c  waves i n  t h e  mass m;  t hese  waves can a l s o  sway the  o s c i l l a t o r  as  a 

whole. 

l i g h t  impulses has a l ready been observed experimental ly  [26-281. I t  can be 
shown t h a t  t h e  r a t i o  of amplitudes of o s c i l l a t o r  o s c i l l a t i o n s  caused by t h e  

- /55 

This f i e l d  leads  t o  t h e  appearance of  

The appearance of thermoelas t ic  waves under t h e  inf luence  of powerful 
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l i g h t  p re s su re  aZight and t h e  the rmoe las t i c  e f f e c t  

mately t o  t h e  fol lowing expression:  

a conforms approxi- te 

(3.24) 

Here R i s  t h e  r e f l e c t i o n  c o e f f i c i e n t ,  x i s  t h e  hea t  capac i ty  of  ma te r i a l  i n  

t h e  mass, 61 is  t h e  c o e f f i c i e n t  of thermal expansion, L i s  of t h e  order  of t h e  

l i n e a r  dimensions of t h e  mass m ( f o r  f u r t h e r  d e t a i l s ,  s e e  [29]). 

I t  fol lows from expression (3.24) t h a t  i n  t h e  case of s u f f i c i e n t l y  high 

w (of about s eve ra l  kc/sec f o r  s t e e l ,  qua r t z ,  and aluminum) t h e  

o s c i l l a t i o n s  of a mechanical o s c i l l a t o r  caused by f l u c t u a t i o n s  of l i g h t  

p re s su re  i n  t h e  f l u x  inc iden t  on t h e  o s c i l l a t o r  w i l l  be  comparable t o  t h e  

o s c i l l a t i o n s  caused by t h e  the rmoe las t i c  e f f e c t .  Thus, expression (3.24) 

limits t h e  a p p l i c a b i l i t y  of  (3.17) and (3.18) f o r  mechanical o s c i l l a t o r s  with 

a r e l a t i v e l y  high wmech value .  

m e e h  

The computations made above f o r  a Fabry-Perot r e sona to r ,  used as  a small 

displacement i n d i c a t o r ,  lead t o  formula (3.17) f o r  t he  minimum d e t e c t a b l e  

f o r c e ,  i n  which only t h e  f a c t o r  A ,  dependent on t h e  s t a t i s t i c a l  charac te r -  

i s t i c s  of t h e  o p t i c a l  source ,  was included.  

i n d i c a t o r  were not  included i n  t h e  expression f o r  [F 0 ] min' 

circumstance i s  not  co r rec t  for t he  Fabry-Perot r e sona to r  a lone.  Without 

de r iva t ion ,  we w i l l  g ive  t h e  r e s u l t s  of s i m i l a r  computations f o r  another 

v a r i a n t  of an o p t i c a l  i n d i c a t o r .  We w i l l  assume t h a t  i n s t e a d  of a l i n e a r  

mechanical o s c i l l a t o r  we employ a t o r s i o n a l  o s c i l l a t o r  with t h e  moment of  

i n e r t i a  I and t h e  c h a r a c t e r i s t i c  frequency wmech (Figure 13 ) .  

o s c i l l a t i o n s  of a mir ror  a t tached  to t h e  mechanical o s c i l l a t o r  cause a d i s -  

placement of  t h e  foca l  spot  of t h e  o p t i c a l  r ay  passing through the  lens  0. 

The presence of a f ixed ,  a t tached  o p t i c a l  k n i f e  near  t he  f o c a l  plane r e s u l t s  

i n  an in t ense  l i g h t  f l u x  modulation f o r  small  angular  o s c i l l a t i o n s  of t h e  

o s c i l l a t o r ;  t h i s  i s  r e g i s t e r e d  by a photodiode. 

Other parameters f o r  t h e  o p t i c a l  

This important 

As t h e  i n d i -  

c a t o r  we used t h e  so -ca l l ed  "knife and s l i t "  ( o p t i c a l  l eve r )  method. Small /56 

If it i s  assumed, as i n  t h e  d e r i v a t i o n  of  (3.17),  t h a t  t h e  only source 

of a f l u c t u a t i o n  e f f e c t  on such an o s c i l l a t o r  i s  l i g h t  p re s su re  f l u c t u a t i o n s  
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on t h e  m i r r o r ,  by making computations s imilar  t o  those  given f o r  (3 .17) ,  it i s  

poss ib l e  t o  d e r i v e  an expression f o r  t h e  minimum d e t e c t a b l e  moment 
[Mom F (T)],;, f o r  t h e  optimum i n t e n s i t y  [fl ] 
moment of f o r c e  has  t h e  form of a s inuso ida l  t r a i n ,  t hen  

of  t h e  l i g h t  f l u x .  If 0 o p t i m  

(3 

(3 

t h e  

25) 

26) 

where a = D b / 2 f ,  D i s  t h e  l ens  ape r tu re ,  f i s  t h e  l ens  f o c a l  length ,  b i s  t h e  

d i s t a n c e  from t h e  mi r ro r  t o  t h e  f o c a l  s p o t .  

with t h e  c o e f f i c i e n t  i n  formula (3.13) .  

The c o e f f i c i e n t  A '  coincides  

I t  i s  important t h a t  t h e  /57 + requirements on source frequency - diode Photo- 

Figure 13  

s t a b i l i t y  i n  such a model a r e  

s u b s t a n t i a l l y  lower than  i n  the  

experiment with a Fabry-Perot 

r e sona to r .  

Thus, formulas (3.25) and 

(3.17) co inc ide  with t h e  replacement 

of t h e  mass by t h e  moment of  i n e r t i a  
and t h e  f o r c e  by the  moment of 

f o r c e .  Formulas (3.25) and (3.26) 
f o r  t h e  minimum d e t e c t a b l e  moment and optimum i n t e n s i t y  have t h e  same 

l i m i t a t i o n s  as (3.17) and (3.18) .  

§ 4.  O p t i m u m  S t r a t egy  f o r  Measurements i n  Experiments ____ With Test  Bodies; 
P o t e n t i a l  Resolut ion.  

-___-- 

Now we w i l l  compare d i f f e r e n t  f l u c t u a t i o n  l i m i t a t i o n s  on t h e  d e t e c t i o n  

of a small fo rce  a c t i n g  upon a macroscopic mechanical o s c i l l a t o r .  

As was demonstrated i n  5 5  1 and 3 ,  it is p o s s i b l e  t o  o b t a i n  t h r e e  

d i f f e r e n t  t h re sho ld  formulas f o r  t h e  minimum d e t e c t a b l e  f o r c e s .  We w i l l  com- 

pa re  t h e  formulas f o r  t h e  amplitudes of  t h e  minimum d e t e c t a b l e  f o r c e s  ( the  
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f o r c e  has  t h e  form of  a resonant  s i n u s o i d a l  t r a i n )  f o r  t h e s e  t h r e e  th re sho ld  

cases 

(1.15) 

Formula (1.15) determines t h e  lower l i m i t  f o r  t h e  d e t e c t a b l e  amplitude F i n  

t h e  case of classical  thermal no i se ,  provided t h e  f l u c t u a t i o n  e f f e c t  from t h e  

measuring instrument i s  s u b s t a n t i a l l y  l e s s  than  t h e  effects o f  a d i s s i p a t i v e  

e1emen.t connecting t h e  t e s t  mass t o  t h e  l abora to ry .  Formulas (3.5) and 

(3.17) make it p o s s i b l e  t o  e s t ima te  t h e  minimum d e t e c t a b l e  amplitude of t h e  

classical f o r c e  Po,  provided t h e r e  is optimum tuning  o f  t h e  e l e c t r o n i c  

(formula (3 .5) )  o r  o p t i c a l  (formula (3.17))  s enso r s ,  which a r e  t h e  only 

sources  of t h e  f l u c t u a t i o n  e f f e c t  on m. The extrema1 formulas (3.5) and 

(3.17) are co r rec t  only f o r  no t  excess ive ly  high umech and s u f f i c i e n t l y  l a r g e  

m ( f o r  f u r t h e r  de t a i l s ,  see § 3 ) .  The optimum tuning  method, which leads t o  

formulas (3.5) and (3.17) ,  as was emphasized i n  t h e  preceding s e c t i o n ,  i s  not  

t h e  only p o s s i b l e  method. The absence of t h e  d e t e c t o r  parameters i n  e x p l i c i t  

form i n  t h e  formulas f o r  [Polmin is  ev iden t ly  un ive r sa l  f o r  any types of  

d e t e c t o r s  with optimum tuning .  

0 

Comparison of  (3.5) and (3.17) shows t h a t  o p t i c a l  i n d i c a t o r s  of small 

displacements i n  theory  make it p o s s i b l e  t o  ob ta in  (with optimum tuning)  

lesser th re sho ld  va lues  f o r  t h e  d e t e c t a b l e  f o r c e .  

We w i l l  no t e  s t i l l  another  important circumstance f o r  cases when formulas 

(3.5) and (3.17) are app l i cab le .  In  c o n t r a s t  t o  (1 .15) ,  i n  formulas (3.5) 

and (3.17) t h e  d i spe r s ion  f o r  a s i n g l e  peasurement decreases  as (;)-z. 
t h e  pa rgne te r s  A and T are not  always known i n  advance, it i s  necessary t o  

r epea t  t h e  measurements so t h a t  i n s t ead  of t h e  d i spe r s ion  it w i l l  b e  poss ib l e  

t o  u s e  i t s  eva lua t ion  f r o q  B small sample (a  similar examination f o r  

formula (1.15) was given i n  § 1 f o r  t h e  unknown T* and 2’). 

Since 

If  we a r e  not  



concerned with s t a t i s t i c a l  e r r o r s  of t h e  second kind,  then  5 = tl-a (n) and 
t h e  [Folmin value is p ropor t iona l  t o  

where t h e  t o t a l  t i m e  expended on t h e  measurement -cmeas = n?, n is  t h e  number 
of repeated measurements, t 
The product & tl-a (n) has a minimum dependent on t h e  s e l e c t e d  va lue  of  t h e  

s ta t is t ical  e r r o r  of t h e  f i rs t  kind a .  I t  i s  easy t o  determine t h i s  miqimum 

by us ing  well-known t a b l e s  of  tl-a (n). For exaqple,  f o r  a = 0.01, 

min [& tl-or (n)] = 9.8  when n = 6 .  

poss ib l e  t o  s e l e c t  t h e  optimvm n f o r  t h e  a v a i l a b l e  measurement time T 

This n corresponds t o  t h e  minimum [F0Imin when t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  

of t h e  source (!7' or A )  a r e  unknown. I t  i s  c l e a r  t h a t  qn optimum s t r a t e g y  i s  

poss ib l e  i n  s e l e c t i n g  n and i n  tak ing  i n t o  account t h e  s t a t i s t i c a l  e r r o r s  of 

t h e  second kind.  

(n) i s  t h e  q u a n t i l e  of S tuden t ' s  d i s t r i b u t i o n .  l - a  

Thus, by s t i p u l a t i n g  t h e  a value it i s  

meas 

These expressions f o r  [F ] f o r  a s p e c i f i c  case when t h e  f o r c e  has  The /59 0 mi.n - 
form of a resonance s inuso ida l  t r a i n  with t h e  du ra t ion  :, a s  i s  easy t o  s e e ,  
a l s o  r e t a i n  v a l i d i t y  i n  a case when F ( T )  has t h e  form of a s h o r t  impulse 

? << 1/umech. 
f a c t o r s  on t h e  r ight-hand s i d e s  of (1 .15) ,  (3.5) and (3.17) .  I t  i s  easy t o  

r epea t  t h e  computations leading t p  formulas (3.5) and (3.17) ,  f o r  a F (T) 

fo rce  of  an a r b i t r a r y  form which i s  f i n i t e  i n  t ime.  

In  t h i s  case t h e r e  i s  a s l i g h t  change only i n  t h e  numerical 

I t  i s  p o s s i b l e  t o  g ive  preference  t o  formula (1.15) or (3.5) and (3.17) 
when d iscuss ing  s p e c i f i c  experiment31 condi t ions  only i f  d a t a  a r e  a v a i l a b l e  

f o r  T, T*, 
T* t h e  response l i m i t  w i l l  be  determined by t h e  instrument f l u c t u a t i o n  e f f e c t  

(formulas (3 .5)  o r  (3 .17) ) .  

w and A. Obviously, i n  t h e  case of s u f f i c i e n t l y  l a rge  'cir' mech 

As a l ready  mentioned i n  § 3,  formulas (3.5) and (3.17) coincide with an 

accuracy t o  t h e  numerical f a c t o r  24 n a A ,  provided t h a t  

by t h e  Planck constant  R. 
In f u r t h e r  numerical es t imates  we w i l l  assume i n  (3.5) t h a t  K T / Q ~ ~ ~  = 10A 
( t h i s  w i l l  correspond t o  A 

i s  replaced 

However, (3.5) i s  c o r r e c t  only when K T / Q ~ ~ ~  >> A .  

l o2  i n  formula (3.17)) .  
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Now we w i l l  c i t e  examples o f  t h e  a t t a i n a b l e  response i n  d i f f e r e n t  types  

of instruments .  In t h e  preceding s e c t i o n ,  i n  t h e  numerical example for ( 3 . 5 )  

when K T / Q & ~  = 10h, we assumed m = 1 g ,  umech 1 sec-1, = 1.103 sec, 5 = 2 

( t h i s  corresponds t o  a r e l i a b i l i t y  of about 0.95) and we obtained [Polmin = 

1 . 6 0 1 0 - ~ ~  dyne. 

a c c e l e r a t i o n  which can be r e g i s t e r e d  i n  t h e  case  of a mass m = 1 g during t h e  

time E = l o 3  sec and with a pe r iod  of change i n  a c c e l e r a t i o n  T 

1 . 6 0 1 0 - l ~  cm/sec2; t h i s  i s  s u b s t a n t i a l l y  less than  t h e  q u a n t i t y  which can be 

reso lved  a t  t h e  p re sen t  t i m e .  

In  p a r t i c u l a r ,  t h i s  means t h a t  t h e  minimum p e r i o d i c  

= 6 s e c  i s  0 

If it i s  assumed t h a t  t h e  Fo f o r c e  was caused by presence of an e l e c t r i c  

charge q i n  a body with t h e  mass m and t h e  e f f e c t  o f  an e l e c t r o s t a t i c  f i e l d  

with t h e  s t r e n g t h  E (T) = E sin w 

which can be de t ec t ed  i n  a body with a mass of 1 g f o r  t h e  above-mentioned 

t h e  minimum e l e c t r i c  charge [ q ]  min 0 mech T y  

A 

i s  1.6*10-17 CGSE, assuming t h a t  E 
We r e c a l l  t h a t  t h e  e l e c t r o n  charge i s  4 . 8 0 1 0 - ~ O  CGSE. 

= l o 2  CGSE ( i . e . ,  30 kV/cm). " "ech 0 

Afte r  making a similar estimate of t h e  d e t e c t a b l e  magnetic f i e l d  s t r e n g t h  - /60 
and t h e  e l e c t r i c  cu r ren t  i n t e n s i t y  ( i t  i s  convenient t o  use  formula (3.25) 

app l i cab le  t o  a magnetometer and galvanometer f o r  t h i s  purpose) ,  it i s  easy 

t o  s e e  t h a t  f o r  t h e s e  parameters as w e l l ,  l i k e  f o r  f o r c e s ,  charges ,  and 

a c c e l e r a t i o n s ,  t h e r e  i s  an enormous unexploi ted r e s o l u t i o n :  7-10 o rde r s  o f  

magnitude i n  comparison with t h a t  a l ready  a t t a i n e d .  

t o  take  i n t o  account t h e  t h e o r e t i c a l l y  d e t e c t a b l e  q u a n t i t i e s  f o r  fo rces  , 
a c c e l e r a t i o n s ,  e t c .  i n  any d i scuss ion  of  t h e  p o s s i b i l i t i e s  of car ry ing  out 

p r e c i s e  phys ica l  experiments.  

d e t a i l  i n  Chapters 2 and 3 .  

I t  i s  extremely important 

This d i scuss ion  w i l l  b e  presented  i n  g r e a t e r  

In  supplementing t h e  above numerical example, we w i l l  eva lua te  t h e  

condi t ions under which formulas (3.5) and (3.17) can be  used.  S u b s t i t u t i n g  

rFo1min 
m = 1 g ' i n t o  the  r ight-hand s i d e  of  ( l . l S ) ,  we ob ta in  T* = 2.5*1016 s e c .  

Thus, t h e  es t imates  given above a r e  co r rec t  i f  t h e  r e l a x a t i o n  t ime T*  exceeds 

2 . 5 0 1 0 ~ ~  sec .  

T = 300 O K  t h i s  i s  poss ib l e  i n  an oxygen atmosphere only with a concent ra t ion  

of molecules l e s s  than 2 20 ~ m - ~ .  We r e c a l l  t h a t  t h e  -t* values  obtained 

= 1.6*10-15 dyne i n t o  t h e  le f t -hand  s i d e  o f  (1 .15) ,  and ? = l o 3  s e c ,  

For a small sphere with t h e  r ad ius  1 cm and t h e  mass 1 g a t  
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u n t i l  now i n  terrestrial  l a b o r a t o r i e s  f o r  more massive bodies  d i d  no t  

exceed lo9  sec .  

(3.5) and (3.17) it i s  necessary  e i t h e r  t o  b e  a b l e  t o  inc rease  T* sha rp ly  

under t e r r e s t r i a l  cond i t ions ,  o r  else c a r r y  out  experiments on o r b i t i n g  

s t a t i o n s .  

Thus, f o r  a t t a i n i n g  t h e  response corresponding t o  formulas 

Now w e  w i l l  d i s cuss  t h e  longer-range p o s s i b i l i t i e s  of  i nc reas ing  re- 

sponse i n  experiments with t es t  bod ies .  A s  i s  clear from t h e  d e r i v a t i o n  of 
formula (3.17),  it i s  e s s e n t i a l l y  a c l a s s i c a l  formula f o r  a mechanical 

o s c i l l a t o r  (although it fol lows from t h e  x i s t e n c e  of f l u c t u a t i o n s  of 
quantum o r i g i n  i n  an o p t i c a l  sou rce ) .  The r e l a t i o n  of u n c e r t a i n t i e s  co r re s -  

ponds t o  formula (3 .11) ,  from which it fol lows t h a t  i n  o rde r  t o  inc rease  
response it i s  des i r eab le  t o  i n c r e a s e  t h e  i n i t i a l  amplitude o f  t h e  

o s c i l l a t i o n s .  After comparing (3.11) and (3 .17 ) ,  it can b e  concluded t h a t  t h e  

only method f o r  a t t a i n i n g  t h e  threshold  determined by t h e  r e l a t i o n  of un- 

'i 

c e r t a i n t y  f o r  a mechanical o s c i l l a t o r  i s  a decrease  i n  t h e  A value .  Such a /61 
p o s s i b i l i t y  t h e o r e t i c a l l y  e x i s t s  i n  l a s e r s  wi th  a s u f f i c i e n t l y  r igorous  

l i m i t i n g  cyc le .  If  w e  analyze well-known express ions  f o r  t h e  s p e c t r a l  

d e n s i t y  of f l u c t u a t i o n s  of amplitude M2 ( f o r  example, see [ 2 5 ] ) ,  it can b e  

seen t h a t  with a s u f f i c i e n t l y  g r e a t  r i g o r  of t h e  l i m i t i n g  cyc le  it is  p o s s i b l e  

t o  a t t a i n  M2 values  l e s s  than 2 h v / N  

have A > 1. The development of a nonl inear  o p t i c a l  system (by analogy with 

t h e  c l a s s i c a l  f l u c t u a t i o n  dampers) w i l l  ev iden t ly  make it poss ib l e  t o  

decrease  t h e  A value .  

f 

However, u n t i l  now present-day l a s e r s  f 0 '  

Now we w i l l  b r i e f l y  mention s t i l l  another  a r e a  of  p o s s i b l e  a p p l i c a b i l i t y  

of experiments wi th  t e s t  bodies  i n  phys i ca l  i n v e s t i g a t i o n s .  We w i l l  r e t u r n  

t o  t h e  numerical  example considered above. 

dyne-sec  can be r e g i s t e r e d  i n  accordance wi th  formula (3.17) ,  provided t h a t  

it i s  assumed t h a t  m = 1 g,  w 

i s  c h a r a c t e r i s t i c  of  an e l e c t r o n  having an energy of 100 MeV. 

t h a t  a t  least  i n  theory  mechanical o s c i l l a t o r s  with small f r i c t i o n  can se rve  

as d e t e c t o r s  f o r  r e g i s t e r i n g  high-energy elementary p a r t i c l e s .  
i n t e r e s t i n g  t o  no te  t h a t  such a d e t e c t o r  i s  no t  a " v i r t u a l l y  uns t ab le  system" 

(D.  I .  Blokhintsev [30]) l i k e  many of  t h e  well-known d e t e c t o r s .  

The f o r c e  impulse 5; = 

= 1 sec - l ,  A = 10, 5 = 2 .  Such an impulse 

This means 
m e c h  

I t  i s  
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In summarizing t h e  examples and computations presented  i n  t h i s  chapter ,  

it should be emphasized once again t h a t  t h e r e  i s  an extremely g r e a t  unex- 

p l o i t e d  r e se rve  of  response i n  experiments with t e s t  bodies .  

of employing t h i s  response r e se rve  i n  d i f f e r e n t  types of experimental  i n v e s t i -  

ga t ions  w i l l  be  discussed i n  g r e a t e r  d e t a i l  i n  t h e  s e c t i o n s  which fol low.  

The p o s s i b i l i t y  
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CHAPTER I1 . /62 
n 

FUNDAMENTAL EXPERIMENTS WITH TEST BODIES 

In  s e l e c t i n g  t h e  material included i n  t h i s  chapter ,  t h e  author  gave 

preference  t o  experiments which have been made during r e c e n t  years  and which 

p lay  a s u b s t a n t i a l  r o l e  f o r  a number of  fundamental phys i ca l  concepts.  

t h e  o t h e r  hand, t h e s e  experiments make it p o s s i b l e  t o  judge t h e  present-day 

l e v e l  of technology i n  t h i s  f i e l d  of phys i ca l  measurements. In  performing 

t h e s e  experiments some i n t e r e s t i n g  methods were used which can be  use fu l  t o  

experimenters .  

On 

In  each of t h e  t h r e e  s e c t i o n s  i n  t h i s  chapter ,  w e  analyze t h e  p o s s i b i l i -  

t i e s  of  i nc reas ing  r e s o l u t i o n  i n  accordance with t h e  t h e o r e t i c a l  concepts 

concerning th re sho ld  response set  f o r t h  i n  Chapter I .  

5 5 .  Checking - I  t h e  Equivalence P r i n c i p l e  

The Equivalence P r i n c i p l e .  A .  Eins t e in  noted (see review [31])  t h a t  i n  

h i s  opinion f u r t h e r  experimental  refinement of t h e  equivalence p r i n c i p l e  

(weak equivalence p r i n c i p l e )  i s  more important than  new checkings of  t h e  

agreement between t h e  computed and observed s e c u l a r  displacements of  t h e  

p e r i h e l i o n  of Mercury and d e f l e c t i o n s  of  a l i g h t  r ay  i n  t h e  sun ' s  g r a v i t y  

f i e l d .  

mass t o  a g r a v i t a t i o n a l  mass f o r  d i f f e r e n t  bodies)  has  been checked repea ted ly .  

The f i r s t  check of t h i s  fundamental p r i n c i p l e ,  l a t e r  se rv ing  as t h e  b a s i s  f o r  

The weak equivalence p r i n c i p l e  (constancy of t h e  r a t i o  of an i n e r t  

t h e  genera l  theory  of r e l a t i v i t y ,  was made by Newton. La ter  t h e  cor rec tness  /63 
of  t h e  weak equivalence p r i n c i p l e  was r e f i n e d  seve ra l  t imes (Bessel ,  Eotvos, 

Zeeman, Southerns) .  The most p r e c i s e  checking of t h i s  theory  was made during 

1959-1963 by Dicke, i n  co l l abora t ion  with a group of  co l leagues .  They 

e s t a b l i s h e d  t h a t  t h e  r e l a t i v e  d i f f e r e n c e  i n  a c c e l e r a t i o n s  of  f r e e  f a l l i n g  i n  

t h e  sun ' s  g r a v i t y  f i e l d  f o r  two masses f a b r i c a t e d  from aluminum and gold does 

not  exceed Q, l * l O - l l .  This means t h a t  t h e  r e l a t i v e  d i f f e r e n c e  i n  t h e  

r a t i o  f o r  aluminum and gold i s  a l s o  not  g r e a t e r  than  1 0 1 0 - ~ ~  [32].  ~ i n / M g r a v  
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@ S u n  

Figure 14  

Now we w i l l  d i s cuss  i n  g r e a t e r  d e t a i l  t h e  method used i n  t h i s  experiment; 

as w i l l  be  c l e a r  from t h e  t e x t  which fo l lows ,  it i s  undoubtedly one o f  t h e  

most p r e c i s e  and exhaus t ive  of  t h e  i n v e s t i g a t i o n s  made dur ing  r ecen t  y e a r s .  

Figure 14 i s  a block diagram of  t h e  appara tus .  

fused quar tz  was suspended on a f i n e  qua r t z  f i l amen t .  

mately equal  mass were a t t ached  t o  t h e  ends; two of  t h e s e  were fabr i -ca ted  

from aluminum and one from gold .  The e a r t h ,  t o g e t h e r  with t h e  apparatus ,  is 
i n  a s t a t e  of  f r e e  f a l l  i n  t h e  sun ' s  g r a v i t y  f i e l d  (- 0.6 cm/sec2).  

r e s u l t  of t h e  e a r t h ' s  d i u r n a l  r o t a t i o n ,  t h e  p o s s i b l e  d i f f e r e n c e  i n  t h e  

acce le ra t ions  of  aluminum and gold ( i f  t h e  weak equivalence p r i n c i p l e  i s  not 

p r e c i s e l y  s a t i s f i e d )  c r e a t e s  a p e r i o d i c  moment of  f o r c e  appl ied  t o  t h e  

p la t form.  

t h e  sun i s  s i t u a t e d  i n  t h e  p o s i t i o n  a r e l a t i v e  t o  t h e  e a r t h  and i f  t h e  

a c c e l e r a t i o n  of aluminum i s  g r e a t e r  than  f o r  gold,  t h e  moment of  f o r c e  will be  

d i r e c t e d  counterclockwise.  However, i f  t h e  sun i s  i n  t h e  p o s i t i o n  b ,  it w i l l  

be  clockwise.  Thus, t h i s  group of experimenters ( i n  c o n t r a s t  t o  Eotvosl)  had 

t o  d e t e c t  a small moment of f o r c e ,  changing with time i n  conformity t o  a 

s inuso ida l  l a w ,  appl ied  t o  t h e  p la t form.  

A t r i a n g u l a r  p la t form o f  

Weights of approxi- 

As a 

The per iod  of change i n  t h i s  moment w i l l  b e  equal  t o  one day. If 

The method employed by Eotvos i n  h i s  experiment c a r r i e d  out about 50 years  
ago i s  descr ibed  i n  d e t a i l  i n  [ 2 2 ] .  
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Gold and aluminum a r e  widely separa ted  i n  t h e  p e r i o d i c  t a b l e  of  e le?  

ments. 

1.08 f o r  aluminum and 1 . 5  f o r  gold.  

aluminum atom a r e  n o n r e l a t i v i s t i c ,  whereas f o r  gold t h e  mass of  e l e c t r o n s  

c lose  t o  t h e  nucleus i s  approximately 15% g r e a t e r  than  f o r  n o n r e l a t i v i s t i c  

e l e c t r o n s .  The r e l a t i v e  mass de fec t  f o r  t h e  gold nucleus d i f f e r s  s u b s t a n t i -  

a l l y  from t h e  mass de fec t  f o r  an aluminum nucleus .  

The r a t i o  of t h e  number of neutrons t o  t h e  number of pro tons  is  

V i r t u a l l y  a l l  t h e  e l e c t r o n s  i n  t h e  

I n  o rde r  t o  a t t a i n  a r e s o l u t i o n  i n  acce le ra t ions  of mass of  about 

6 0 1 0 - ~ ~  cm/sec2, it was necessary t o  c r e a t e  a s e n s i t i v e  system f o r  d e t e c t i n g  
small angles  of r o t a t i o n  of t h e  qua r t z  p la t form.  I ts  block diagram i s  shown 
i n  Figure 15. 
weak beam of  l i g h t  from t h e  narrow s l i t  of an o p t i c a l  co l l ima to r  was 

r e f l e c t e d  from t h e  mi r ro r  and i l lumina ted  a small o s c i l l a t i n g  wire. The l ens  

i n  f r o n t  of t h e  mi r ro r  made it p o s s i b l e  t o  match t h e  a c t u a l  image of t h e  

f i lament  with t h e  wire, whose o s c i l l a t i o n s  occurred i n  t h e  p lane  perpendicular  

t o  t h e  l i g h t  f l u x  d i r e c t i o n .  The l i g h t  f l u x  modulated i n  t h i s  way was 

inc iden t  on t h e  pho tomul t ip l i e r .  

m u l t i p l i e r  cu r ren t  were ampl i f ied .  

vo l t age  from a b r idge  genera tor  a t  a frequency of 3 kc/sec .  
image was symmetric r e l a t i v e  t o  t h e  o s c i l l a t i n g  wire ,  only t h e  harmonic of 

t h e  frequency 3 kc/sec  could be observed a t  t h e  photomul t ip l ie r  ou tpu t .  Small 

One of t h e  qua r t z  p la t form su r faces  served  as a mi r ro r .  A 

The v a r i a b l e  components of  t h e  photo- 

The wire was swayed by an e l e c t r i c  

If  t h e  s l i t  

p la t form r o t a t i o n s  r e s u l t e d  i n  a displacement of t h e  s l i t  image r e l a t i v e  t o  /66 
t h e  wire and t h e  appearance a t  t h e  pho tomul t ip l i e r  output  of a v a r i a b l e  

cu r ren t  with a frequency equal t o  t h e  frequency of wi re  o s c i l l a t i o n s  and wi th  

an amplitude p ropor t iona l  t o  t h e  image displacement ,  and t h e r e f o r e  p ropor t iona l  

t o  t h e  platform angle  of r o t a t i o n .  

dependent on t h e  r o t a t i o n  d i r e c t i o n .  

a m p l i f i e r ,  a l s o  tuned t o  a frequency 3 kc / sec ,  t h e  e l e c t r i c  s i g n a l  from t h e  

photomul t ip l ie r  was' f e d  t o  one of t h e  phase d e t e c t o r  i n p u t s .  

vo l tage  from t h e  b r idge  genera tor  was f ed  t o  i t s  o t h e r  i n p u t ,  a f t e r  ampl i f i -  

ca t ion  and phase c o r r e c t i o n .  

d e t e c t o r  output  was propor t iona l  t o  t h e  p la t form angle  o f  r o t a t i o n  and t h e  

s i g n  was determined by t h e  r o t a t i o n  d i r e c t i o n .  Then, a f t e r  f i l t e r i n g ,  t h e  

The phase of t h i s  e l e c t r i c  vo l t age  was 

After pass ing  through a narrow-band 

An e l e c t r i c  

Thus, t h e  cons tan t  vo l tage  a t  t h e  phase 



e l e c t r i c  vo l tage  was f ed  t o  an automatic t a p e  r eco rde r .  

could measure an amplitude of  p la t form angular  displacements  of  % 1*10-9 r ad  

a t  a frequency corresponding t o  t h e  per iod  of t h e  e a r t h ' s  r o t a t i o n .  We note  

t h a t  t h e  r e s o l u t i o n  a t t a i n e d  at such a low frequency approximately corresponds 

t o  t h e  record r e s o l u t i o n  obta ined  by Jones us ing  a s p e c i a l  o p t i c a l  l e v e r  

( f o r  f u r t h e r  d e t a i l s ,  s e e  Appendix). For a pe r iod  of c h a r a c t e r i s t i c  pendulum 

platform o s c i l l a t i o n s  of about 400 s e c  t h i s  angular  r e s o l u t i o n  corresponds t o  

an amplitude of a c c e l e r a t i o n  of  t h e  ends of  t h e  p la t form approximately equal  

t o  6 0 1 0 - ' ~  cm/sec2, o r  i t s  equ iva len t ,  measurement of  t h e  r e l a t i v e  d i f f e r e n c e  

i n  a c c e l e r a t i o n s  of t h e  p la t form ends of  1*10-11 r e l a t i v e  t o  acce le ra t ion  

i n  t h e  s u n ' s  g r a v i t y  f i e l d  (0.6 cm/sec2). 

This  apparatus  

I I Electrodes in  feed- 
back circuit 

L - - - -_ - - 
Filter Amplification Unit 

Figure 15 
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The e l e c t r i c  s i g n a l  from t h e  phase d e t e c t o r  output  was not  f ed  t o  an I1 

I 
! 
' of c h a r a c t e r i s t i c  o s c i l l a t i o n s  ( see  Figure 15).  The f o r c e  in t roducing  

I 

1 
1 

automatic r eco rde r ,  b u t  t o  a feedback c i r c u i t ,  which introduced damping i n t o  

t h e  t o r s i o n a l  o s c i l l a t i o n s  of t h e  p la t form and s l i g h t l y  decreased t h e  per iod  
11 

a t t enua t ion  i n t o  p la t form motion was crea ted  by t h e  Coulomb a t t r a c t i o n  of one 

of t h e  masses a t t ached  on t h e  p la t form t o  two e l ec t rodes  connected through a 
f i l t e r  t o  t h e  phase d e t e c t o r  ou tput .  The magnitude of  t h e  introduced damping 

could be regula ted  by a remote potent iometer ,  con t ro l l ed  by a motor. The use  

circumstance. If t h e  of t h i s  method was d i c t a t e d  by t h e  fol lowing important - /67 
system f o r  d e t e c t i n g  small p la t form r o t a t i o n s  reproduces them s t r i c t l y  

l i n e a r l y  on an automatic r eco rde r ,  t h e r e  is  no need t o  in t roduce  damping. 

However, i f  normal mechanical modes of o s c i l l a t i o n s  of t h e  t o r s i o n a l  pendulum 

a r e  exc i t ed  i n  some way, t h e  presence of n o n l i n e a r i t y  i n  t h e  r e g i s t r y  system 

leads  t o  an apparent appearance of a low-frequency s i g n a l  whose per iod w i l l  

be  approximately equal t o  t h e  damping time of t hese  modes. 

damping t ime f o r  t h e  fundamental t o r s i o n a l  mode, i n  Dicke's opinion,  could 

a t t a i n  two yea r s .  Accordingly, any seismic i n t e r f e r e n c e  which i s  loca l i zed  
i n  t ime,  with t h e  presence of non l inea r i ty  i n  t h e  de t ec t ion  system, could be 

de t ec t ed  as t h e  appearance o f  a moment of fo rce  caused by t h e  d i f f e rence  i n  

acce le ra t ions  of t h e  aluminum and gold masses. 

However, t h e  

We w i l l  enumerate a number of o the r  methods used by t h e  author  of t h i s  

experiment : 

1. In order  t o  a t t e n u a t e  t h e  p o s s i b l e  e f f e c t s  of  g r a v i t a t i o n a l  p e r t u r -  

b a t i o n  introduced by t h e  obse rve r ' s  mass, t h r e e  t e s t  masses were used; t h i s  

considerably decreased t h e  quadrupole moment of masses. In  the  experiments 

by Eotvos only two masses were employed; Dicke f e e l s  t h a t  t h e  observer  must 

in t roduce  a g r a v i t a t i o n a l  pe r tu rba t ion  a t  the  l e v e l  of t h e  a t t a i n e d  s e n s i -  

t i v i t y .  

2 .  For t h i s  same purpose a l l  t h e  measurements were made by remote 

con t ro l .  
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3 .  The e l imina t ion  of  t h e  convection effect  nea r  t h e  t es t  masses 

and t h e  platform w a s  achieved by p l ac ing  t h e  e n t i r e  apparatus  i n  an evacuated 

housing (vacuum CI, loc8  mm Hg). 

4 .  In  o rde r  t o  decrease  temperature  f l u c t u a t i o n s ,  t h e  e n t i r e  apparatus  

was p laced  i n  a s h a f t  3 . 6  m deep; t h i s  was covered wi th  a thermal l tplugl t  

1 . 2  m high.  The measurements were made without  opening t h e  l tplugtf  f o r  months. 

A t  t h e  same time, remote measurements were made and a continuous record  of 

t h e  temperature  change a t  d i f f e r e n t  p o i n t s  on t h e  housing was k e p t .  

5. The pendulum was f a b r i c a t e d  from nonmagnetic materials, i n  such a 
way as t o  e l imina te  t h e  f o r c e  effect  of d a i l y  v a r i a t i o n s  i n  t h e  e a r t h ' s  

magnetic f i e l d .  

6 .  Fused q u a r t z ,  covered wi th  a t h i n  l a y e r  of aluminum, was used as t h e  

suspension f i l amen t ;  t h i s  made it p o s s i b l e  t o  ground t h e  platform and weights .  

In  add i t ion ,  t h e  s t e p l i k e  d r i f t  of t h e  qua r t z  f i lament  was considerably l e s s  

than  f o r  tungs ten  f i l amen t s  used i n  t h e  f irst  Dicke series o f  experiments 
- / 6 8  

[321. 

7 .  The r o t a t i o n  of t h e  t o r s i o n a l  pendulum was recorded au tomat ica l ly  

and cont inuously,  and d i sc r imina t ion  of a s i g n a l  wi th  a d i u r n a l  pe r iod  was 

accomplished us ing  an e l e c t r o n i c  computer. 

Now we w i l l  summarize t h e  r e s u l t s .  Evident ly ,  t h e  most ' important  r e s u l t  

of t h e  experiment must be considered t h e  following: 

t o  extend t h e  l i m i t  t o  which t h e  weak equibalence p r i n c i p l e  i s  s a t i s f i e d  from 

5.10-9 ( the  r e s o l u t i o n  a t t a i n e d  by Eotvos) t o  l - l O - l l ;  i n  o t h e r  words, t h e  accu- 

r acy  was increased  by a f a c t o r  of 500. However, ev iden t ly  f o r  t h e  most p a r t  due 

t o  t h e  presence o f  a s i g n i f i c a n t  n o n l i n e a r i t y  i n  t h e  r e g i s t r y  system, it was not  

p o s s i b l e  t o  a t t a i n  a r e s o l u t i o n  corresponding t o  Brownian f l u c t u a t i o n s .  

t h e  au thors  were ab le  

If one t akes  i n t o  account t h e  per iod  of pendulum o s c i l l a t i o n s  (400 s e c ) ,  

t h e  time spent  on t h e  measurement ( seve ra l  months), as well as t h e  masses of  

t h e  t es t  bodies  ( a  few grams), it i s  easy t o  compute t h e  r e s o l u t i o n  l e v e l  

which can be  a t t a i n e d  i n  t h i s  s o r t  o f  experiment under t e r r e s t r i a l  condi t ions ,  

assuming t h a t  t h e  only source of f l u c t u a t i o n s  i s  thermal .  Assuming t h e  

r e l a x a t i o n  t ime t o  be  equal  approximately t o  t h e  pe r iod  of o s c i l l a t i o n s  
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it is  easy t o  f i n d  ( see  5 1)  t h a t  when fmeaS c: l o 7  Sec it would be  
T O  
p o s s i b l e  t o  d e t e c t  a d i f f e r e n c e  i n  t h e  a c c e l e r a t i o n s  of  tes t  masses of about 

cm/sec2, i . e . ,  while  r e t a i n i n g  t h e  Dicke method, make more p r e c i s e  

(or  r e f u t e )  t h e  weak equivalence p r i n c i p l e  a t  t h e  l e v e l  about 1*10-13. 

However, i f  l a r g e  T* values  a r e  used (see  express ion  (1 .15) ) ,  which can b e  
obtained us ing  t h i n  qua r t z  f i laments  i n  a vacuum, i n  t e r res t r ia l  l a b o r a t o r i e s  

it would be  p o s s i b l e  t o  advance t h e  l i m i t  by s t i l l  another  o rde r  of  magnitude. 

We no te  s t i l l  another  important circumstance.  The se i smic  i n t e r f e r e n c e  

which s u b s t a n t i a l l y  hindered t h e  experiment descr ibed  above i s  not  n o i s e  

i n  t h e  usua l  s ense ,  s i n c e  it i s  completely determined ( i t  can be  measured 

s imultaneously and independent ly) ;  accordingly,  i n  t h e  case of a d e t e c t o r  of 

s u f f i c i e n t l y  high q u a l i t y ,  it can be  completely excluded from cons ide ra t ion .  

Now we w i l l  e s t ima te  t h e  t h e o r e t i c a l l y  a t t a i n a b l e  l e v e l  of r e s o l u t i o n  

when checking t h e  weak equivalence p r i n c i p l e  i n  experiments with t e s t  bodies .  

In t h i s  eva lua t ion  we w i l l  u se  formula (3 .17) .  Dividing t h e  r i g h t -  and l e f t -  /69 

hand s i d e s  by t h e  mass m of t h e  t e s t  body, we ob ta in  an expression f o r  t h e  

minimum amplitude of t h e  d e t e c t a b l e  a c c e l e r a t i o n  [a0Imin: 

___ 

we r e c a l l  t h a t  umsch i s  t h e  c h a r a c t e r i s t i c  frequency of  a mechanical o s c i l -  

l a t o r ,  A i s  a dimensionless f a c t o r  cha rac t e r i z ing  s t a t i s t i c a l  f l u c t u a t i o n s  a t  

t he  source ,  5 i s  a f a c t o r  of t h e  o rde r  o f  s e v e r a l  u n i t s ,  dependent on t h e  
l e v e l  of d e t e c t i o n  r e l i a b i l i t y ,  i s  t h e  du ra t ion  of  t h e  e f f e c t ,  having t h e  

.form of  a s inuso ida l  t r a i n  with a frequency w Formula (5 .1 ) ,  l i k e  

(3 .17) ,  i s  c o r r e c t  only i n  t h e  case of  optimum tuning  of t h e  o p t i c a l  d e t e c t o r ,  
being t h e  only source of a f l u c t u a t i o n  e f f e c t  on t h e  t e s t  mass. Assuming i n  

(5 .1)  t h a t  wmech = 2.rr*10-s s e c - l  (about t h e  frequency corresponding t o  t h e  

e a r t h ' s  p e r i o d ) ,  m = l o 3  g ,  ? = l o 7  s e c  ( i . e . ,  approximately- t h e  same as i n  

t h e  Dicke  experiments) ,  A = 10, 5 = 2 ,  w e  ob ta in  [a  ] = 1=10'23 cm/sec2. 

If t h e  experiment i s  c a r r i e d  out  i n  accordance with t h e  Dicke method and t h e  

a c c e l e r a t i o n s  of two masses are compared i n  t h e  s o l a r  g r a v i t y  f i e l d  

m e c h  ' 

0 m i n  
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(a = 0.6 cm/sec2), it would be p d s s i b l e  t o  check t h e  equivalence p r i n c i p l e  

t o  a r e l a t i v e  accuracy about l ~ l O - ~ ~ .  

way it is p o s s i b l e  t o  a t t a i n  a r e s o l u t i o n  a t  l e a s t  a t  t h e  l e v e l  of t h e  

dimensionless weak c o r r e l a t i o n  cons tan t :  

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  t h i s  

where mT i s  t h e  pion mass, y i s  t h e  g r a v i t a t i o n a l  cohs t an t .  

I t  i s  important t o  no te  t h a t  a t  t h e  p re sen t  time t h e r e  a r e  no t h e o r e t i c a l  

premises which would i n d i c a t e  t h e  ex is tence  of any th re sho ld  l e v e l  below which 

t h e  weak equivalence p r i n c i p l e  could cease t o  be s a t i s f i e d .  

\ 

I \ / 

\ 
\ 
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E a r t h  

mr \ / 
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/ 
\ 

I 
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Figure 16 

In  concluding t h i s  s e c t i o n ,  we w i l l  d i s cuss  a v a r i a n t  of  an experiment 

f o r  checking t h e  weak equivalence p r i n c i p l e  i n  space on a low-flying e a r t h  

S a t e l l i t e .  We w i l l  assume t h a t  we have an e a r t h  s a t e l l i t e  i n  a nea r ly  

c i r c u l a r  o r b i t  (Figure 16 ) .  

t h i n  t o r o i d  with t h e  r ad ius  r, whose two ha lves  m 
d i f f e r e n t  substances (similar t o  t h e  choice i n  t h e  Dicke experiment).  

/70 
Assume t h a t  t he  s a t e l l i t e  has  t h e  shape of a 

and m2 a r e  f a b r i c a t e d  from 1 
We w i l l  

a l s o  assume t h a t  m = m2. I f  t h e  1 
plane of t h e  t o r o i d  co inc ides  with t h e  

o r b i t a l  p lane  and t h e  per iod  of 
r o t a t i o n  i s  equal t o  t h e  per iod  of  

s a t e l l i t e  r evo lu t ion  arotmd t h e  e a r t h ,  

provided t h a t  t h e  weak equivalence 

p r i n c i p l e  i s  p r e c i s e l y  s a t i s f i e d ,  t h e  

ex tens ion  of t h e  l i n e  ab at  t h e  

s a t e l l i t e  should always be  d i r e c t e d  

toward t h e  c e n t e r  of t h e  e a r t h .  

However, i f  i t  i s  only approximately 

s a t i s f i e d  and t h e r e  i s  a small d i f f e r -  

ence Au i n  t h e  acce le ra t ions  m and 

m dur ing  t h e  t ime t h e  s a t e l l i t e  
1 

2 '  
r o t a t e s  by an angle  A $ ,  equal t o :  
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Assuming t h a t  Aa 
we ob ta in  A $  = 4 0 1 0 - ~  rad  = 0.24O, an e a s i l y  measureable value.  
(5.3) i s  co r rec t  only f o r  small A $ .  If t h e  s a t e l l i t e  o r b i t  i s  s i t u a t e d  a t  a 
r e l a t i v e l y  low a l t i t u d e  frofn t h e  e a r t h l s  su r f ace  (about 1,000 km), t h e  

g r a v i t a t i o n a l  a c c e l e r a t i o n  i s  a = 7*102 ckn/sec2, and i n  accordance with t h i s  

e s t ima te ,  it would be p o s s i b l e  t o  check t h e  equivalence p r i n c i p l e  with an 
accuracy t o  Aa/g& 5-10-15. 

Now we w i l l  b r i e f l y  l ist  t h e  p r i n c i p a l  requirembnts whose s a t i s f a c t i o n  

i s  necessary f o r  a t t a i n i n g  such an accuracy. I n  order  f o r  expression (5.3) 

t o  be s a t i s f i e d  (when Aa # 0) and A$ t o  i nc rease  q u a d r a t i c a l l y  with t ime,  it 

i s  necessary t o  s a t i s f y  t h e  i n e q u a l i t y  
c h a r a c t e r i s t i c  o s c i l l a t i o n s  of t h e  s a t e l l i t e  i n  t h e  e a r t h ' s  ndnuniform 

g r a v i t y  f i e l d .  The per iod  of o s c i l l a t i o n s  w i l l  be  f i n i t e ,  provided t h a t  t h e  

= 3 0 1 0 - l ~  cm/sec2, ? = 2-105 s e c  (about 2.3 days) ,  P = 5 cm, 

Expression 

<< 'c0, where T~ i s  t h e  per iod  of 

/71 
quadrupole moment of masses of  t h e  t o r o i d  i s  nonzero. 

i t y  i n  t h e  d i s t r i b u t i o n  of mass i n  t h e  t o r o i d ,  equal t o  Am/m, it i s  easy t o  

ob ta in  

Assuming a nonuniform- 

where R i s  t h e  d i s t ance  from t h e  s a t e l l i t e  t o  t h e  cen te r  of t he  e a r t h ,  y is  

t h e  g r a v i t a t i o n a l  cons tan t ,  k& i s  t h e  e a r t h ' s  mass. 

R = 7=108 cm, then T 0 
T << T f o r  t h e  above-mentioned e s t ima te .  0 

I f  Am/m = l = 1 0 d 5 ,  

= 1 . 3 0 1 0 ~  s e c ,  which does not  con t r ad ic t  t h e  condi t ion  
h 

Geometrical inaccuracy i n  f a b r i c a t i n g  t h e  t o r o i d  can have t h e  fol lowing 

r e s u l t :  t h e  l i g h t  p re s su re  of s o l a r  r a d i a t i o n  w i l l  impart t o  t he  t o r o i d  an 

acce le ra t ion  which can s imula te  impairment of t h e  weak equivalence p r i n c i p l e .  

I f  it i s  assumed t h a t  t h e  t o t a l  mass of t h e  t o r o i d  i s  about l o 4  g and t h e  

r e f l e c t i o n  c o e f f i c i e n t  f o r  i t s  su r face  i s  about 0 .9 ,  then  with an inaccuracy 

i n  f a b r i c a t i n g  i t s  su r face  of As/s about t h e  l i n e a r  a c c e l e r a t i o n  of t h e  
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t o r o i d  caused by s o l a r  p re s su re  w i l l  b e  about 1*10”13 cm/sec2, i . e . ,  less 

than  t h e  estimate g iven  above by an orde r  of  magnitude. 

Strong equivalence p r i n c i p l e .  The independence of t h e  laws o f  phys ics  

on t h e  presence o r  absence of  a uniform g r a v i t y  f i e l d  is  u s u a l l y  c a l l e d  t h e  

s t rong  equivalence p r i n c i p l e .  This  p r i n c i p l e  has  no t  been subjec ted  t o  

s e r i o u s  experimental  checking. Dabbs, i n  c o l l a b o r a t i o n  wi th  a group of  

col leagues [33 ] ,  c a r r i e d  out  an experiment f o r  measuring t h e  a c c e l e r a t i o n  of  

f ree  f a l l i n g  g6 o f  a beam of neutrons i n i t i a l l y  d i r e c t e d  h o r i z o n t a l l y  i n  t h e  

e a r t h ’ s  g r a v i t y  f i e l d .  I t  was e s t a b l i s h e d  i n  t h i s  experiment t h a t  t h e  

d i f f e r e n c e  i n  Ag values  f o r  d i f f e r e n t  neutron s p i n  o r i e n t a t i o n s ,  i f  it e x i s t s ,  

does not  exceed t h e  r e l a t i v e  va lue  Ag/g6 = 1 0 1 0 - ~ .  

Morgan and Peres [34] demonstrated t h a t  t h e  absence of  an in f luence  of 

nuc lea r  sp in  o r i e n t a t i o n  on t h e  l e v e l  o f  mass de fec t  i n  experiments of  t h e  

Eotvos-Dicke type  should se rve  as confirmation of  t h e  s t rong  equivalence 

p r i n c i p l e .  Since dynamic methods have now been s u c c e s s f u l l y  developed f o r  

o r i e n t a t i o n  of n u c l e i ,  making it poss ib l e  t o  have 60-70% o f  t h e  n u c l e i  

o r i en ted  i n  a s e l e c t e d  d i r e c t i o n  

equivalence p r i n c i p l e  can ev iden t ly  be  t h e  same as f o r  t h e  weak equivalence 

p r i n c i p l e ,  provided t h e  proposal  of Morgan and Peres i s  adopted. 

[35],  t h e  accuracy i n  checking t h e  s t rong  /72 

L .  I .  Slabkiy,  V .  K .  Martynov, and t h e  au thor  [36] undertook an exper i -  

ment t o  determine t h e  upper l i m i t  of  t h e  p o s s i b l e  in f luence  of  nuc lear  s p i n  

o r i e n t a t i o n  on t h e  weight of a t e s t  body. We e s t a b l i s h e d  t h e  absence of  such 

an in f luence ,  a t  l e a s t  at  t h e  l e v e l  6 0 1 0 - ~ O  ( fo r  f u r t h e r  d e t a i l s  s e e  [ 3 6 ] ) .  

In  t h e  experiments we employed t h e  method of  d i sc r imina t ing  a s i g n a l  from 

no i se  as descr ibed i n  § 1. The r e l a t i v e l y  low r e s o l u t i o n  was e n t i r e l y  

determined by t h e  degree of un i formi ty  of t h e  magnetic f i e l d  used i n  o r i e n t i n g  

t h e  n u c l e i .  

5 6 .  Quantum Macroscopic - Effec t s  

Re la t ive ly  r e c e n t l y  so -ca l l ed  quantum macroscopic e f f e c t s  were p red ic t ed  

and discovered:  formation of v o r t i c a l  f i l aments  i n  s u p e r f l u i d  heliuin (Winen 

[37] )  and quant iz ing  of t h e  magnetic f l u x  i n  hollow superconducting cy l inde r s  
(Deaver, Fairbank [38] ,  Doll and Nabauer [39] ,  a l s o  s e e  t h e  review [ 4 0 ] ) .  
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Now we w i l l  d i s cuss  t h e  method employed by Doll and Ngbauer for 
i n v e s t i g a t i n g  t h e  p o s s i b l e  s t r e n g t h  of t h e  magnetic f l u x  i n  a small super- 

conducting cy l inde r .  The 

magnetic f l u x  c rea t ed  by a f i e l d  cur ren t  through t h e  inne r  cav i ty  of t h e  

cy l inde r  i s  quant ized:  

The essence of t h i s  phenomenon is as fol lows.  

where 0 i s  t h e  magnetic f l u x ,  B i s  t h e  f i e l d  within a cy l inder  whose i n t e r n a l  

r ad ius  i s  R ,  e is  t h e  e l e c t r o n  charge,  c i s  the  speed of l i g h t .  

n assumes only a whole-number va lue :  n = 0; ? 1; ? 2 ,  ... The numerical va lue  

of t h e  "magnetic f l u x  quantum" i s  Q0 = 2 . 0 6 ~ 1 0 - ~  gauss*cm2. I n  order  f o r  t h e  

f i e l d  va lue  B t o  be comparable t o  t h e  e a r t h ' s  f i e l d  and i n  order  thereby t o  

avoid l o c a l  magnetic f i e l d  f l u c t u a t i o n s  near  t h e  appara tus ,  Doll and 

Nabauer used a cy l inder  with a small i n t e r n a l  c ross  s e c t i o n .  

The parameter 

Figure 17  i s  a diagram of t h e  experiment. A lead cy l inde r  with t h e  

length  2 = 6*10-2 cm was sprayed on a quar tz  rod 10 pm i n  diameter .  The rod was 
suspended h o r i z o n t a l l y  on a t o r s i o n a l  suspension i n  such a way t h a t  i t s  a x i s  was 

d i r e c t e d  perpendicular  t o  t h e  

magnetic f i e l d  c rea t ed  by t h e  

c o i l  D1. A s e n s i t i v e  o p t i c a l  

i n d i c a t o r  made it p o s s i b l e  t o  

r e g i s t e r  t h e  small t o r s i o n a l  

pendulum o s c i l l a t i o n s .  

- /73 

D1 i s  

fo rce  

If within t h e  cy l inde r  t h e  

f l u x  i s  0 and t h e  c o i l  f i e l d  
&i' 

e q u h  t o  B Z ,  t h e  moment of 

appl ied  t o  t h e  cy l inde r  i s  
Figure 17 
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In  t h e  experiment t h e  magnetic f i e l d  Bx was 10 oe.  With @ = 
Y 

2 . 0 6 0 1 0 - ~  gauss*cm2 and Z = 6 0 1 0 - ~  cm it was t h e r e f o r e  necessary  t o  measure 

a moment of  f o r c e  of about 1 0 1 0 - ~  dyneocm. 

as fol lows:  

The sequence of  measurements was 

a) The lead  cy l inde r  was hea ted  t o  a temperature  above t h e  c r i t i c a l  

temperature  f o r  lead ,  after which t h e  c o i l  D2 was cu t  i n ,  c r e a t i n g  a perma- 

nent  magnetic f i e l d  Bx along t h e  cy l inde r  a x i s .  

b )  The temperature  was reduced below t h e  c r i t i ca l  va lue  and then  t h e  

c o i l  D was cut  ou t .  Thus, some magnetic f l u x  @ was "frozen" i n  t h e  lead  

cy l inde r .  
2 

/ 74 c )  The c o i l  D 1 was cu t  i n  f o r  measuring t h e  s t r e n g t h  o f  t h i s  f l u x ;  t h e  - 
c o i l  c r ea t ed  a magnetic f i e l d  Bx = 10 oe i n  t h e  neighborhood o f  t h e  pendulum, 

This caused t h e  appearance o f  a t o r s i o n a l  moment (6.2), appl ied  t o  t h e  

pendulum. 

t h e  o s c i l l a t i o n s .  

equal t o  t h e  resonance frequency1. 

i n  t h e  lead  cy l inde r  was determined from t h e  t r a n s i e n t  amplitude of t h e  

o s c i l l a t i o n s .  

c r i t i ca l  va lue  and t h e  procedure descr ibed  above was repea ted ,  bu t  with a 

d i f f e r e n t  f i e l d  B . 

The f i e l d  i n  t h e  c o i l  D1 was reversed  au tomat ica l ly  i n  rhythm with 

Thus, t h e  frequency of  t h e  v a r i a b l e  moment was p r e c i s e l y  

The s t r e n g t h  o f  t h e  magnetic f l u x  frozen 

Then t h e  pendulum was heated t o  a temperature  above t h e  

Y 
I t  was found from t h e s e  measurements t h a t  when t h e  f i e l d  B i s  less than  Y 

0.1 oe t h e  magnetic f l u x  wi th in  t h e  cy l inde r  i s  equal  t o  zero;  when t h e  B /75 Y 
f i e l d  is from 0 . 1  oe t o  about 0 . 2  oe t h e  magnetic f l u x  remains cons t an t ,  and 

then  inc reases  i n  a jump (Figure 18 ) .  The magnitude of t h e  f i e l d  f lux  llstepfl 
agreed well with (6.1) ( r e l a t i v e  e r r o r  o f  about 20%) .  I t  can 

b e  seen from t h e  above t h a t  t h e  experiment c a r r i e d  out by Doll  and Nabauer 

should be included i n  t h e  group of  experiments with t e s t  bodies .  

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h i s  same method f o r  automatic  frequency 
t r i m  was used i n  t h e  c l a s s i c a l  s tudy by E i n s t e i n  and de Haas [41].  
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Figure 18 

Now w e  w i l l  estimate 

t h e  s t r e n g t h  of  t h e  minimum 

f rozen- in  f l u x  [@Imin or t h e  

f l u x  increment which can be  

de t ec t ed  i n  such an exper i -  

ment when us ing  optimum 

condi t ions .  We w i l l  assume 
t h a t  t h e  only source of  a 

f l u c t u a t i o n  effect  i s  an 
opt imal ly  tuned o p t i c a l  

i n d i c a t o r .  By equat ing t h e  

express ion  f o r  t h e  minimum 

d e t e c t a b l e  moment (3.25) t o  
t h e  moment of  f o r c e  i n  t h e  

experiment conducted by Dol 1 

and Nabauer ( 2 . 6 ) ,  we ob ta in  

where ? i s  t h e  du ra t ion  of t h e  s inuso ida l  t r a i n ,  inducing t h e  superconducting 

cy l inde r  wi th  t h e  moment of i n e r t i a  I and t h e  c h a r a c t e r i s t i c  frequency w mech 
i n t o  resonance. I f  i n  (6 .3)  it i s  assumed t h a t  BX = 10 oe,  2 = 6 0 1 0 - ~  cm, 

I = 5*10-l1g*cm2 (da ta  from t h e  experiment by Doll and Nabauer), = l o 3  s e c ,  
w 

almost 13 o rde r s  of magnitude l e s s  than  @ 

= 1 sec- l ,  A = l o 2 ,  < = 2 ,  then  [ O y I m i n  = 5*10-20 gauss*cm2, i . e . ,  

= 2.06-10-7 gauss*cm2. 
mech 

Thus, t h e r e  0 
can be a more d e t a i l e d  checking of t h e  discovered quantum macroscopic e f f e c t  

while  i n  genera l  employing t h e  experimental  method descr ibed  above. 

I t  should b e  noted i n  conclusion t h a t  quantum macroscopic effects are 

ev iden t ly  not  l imi t ed  t o  t h e  two cases  considered above. 

formulas (3.17) and (3.25) must a l s o  be regarded as quantum l i m i t a t i o n s  i n  

macroscopic experiments.  

s cop ic  effects ,  i n  p a r t i c u l a r ,  t hose  a s soc ia t ed  with experiments with t e s t  

In  a c e r t a i n  sense ,  

We can no te  t h e  ex i s t ence  of o t h e r  quantum macro- 



bod ies .  For example, i t  i s  easy t o  see t h a t  a macroscopic mechanical 

o s c i l l a t o r  t o  a c e r t a i n  degree w i l l  no t  i n t e r a c t  dur ing  t h e  t ime with an 

o p t i c a l  i n d i c a t o r  i f  t h e  i n i t i a l  amplitude of i t s  o s c i l l a t i o n s  x. . i s  less 

than  
- /76  zn 

where N i s  t h e  i n t e n s i t y  of  t h e  f l u x  inc iden t  on i t ,  vo i s  t h e  mean frequency 

of  o p t i c a l  r a d i a t i o n ,  e i s  t h e  speed of  l i g h t .  

p re s su re  f l u c t u a t i o n s  should impart through t h e  o s c i l l a t o r  an energy l e s s  than  

0 
When xin < xo t h e  l i g h t  

Assuming t h a t  N = 1 erg /sec ,  v = 5-1014 s e c - l ,  = l o 3  s e c ,  w e  hW"eh ' 0 0 
ob ta in  x = 1 * 1 0 - l 2  cm. 0 

§ 7.  Search f o r  Elementary P a r t i c l e s  With a F rac t iona l  E l e c t r i c  Charge __- 

A s  i s  wel l  known, t h e  u n i t  o f  an e l e c t r i c  charge i s  e = 4.80298*10-10 

CGSE. The charge of any body can vary only d i s c r e t e l y  by t h i s  va lue .  

fundamental circumstance,  which became known a f t e r  t h e  c l a s s i c a l  experiments 

by Mi l l ikan ,  who measured t h e  charge of an e l e c t r o n ,  has  been r epea ted ly  

checked. 

and pro ton  charges has  been checked [ 4 2 ] .  

confirmed t h e  e q u a l i t y  of  charges with a high accuracy.  

This 

In p a r t i c u l a r ,  t h e  e q u a l i t y  i n  abso lu t e  magnitude of  t h e  e l e c t r o n  

The r e s u l t  of t h i s  experiment 

We no te  t h a t  t h e  d i s c r e t e n e s s  and equid is tance  of  e l e c t r i c  charges ,  as 

wel l  as t h e  absence o f  a " f i n e r  charge subs t ruc tu re" ,  i s  an empir ical  law 

which is  not mandatory from t h e  po in t  o f  view of t h e  l a w  of  conservat ion of 

charge 

A b u r s t  o f  i n t e r e s t  appeared i n  t h i s  fundamental problem i n  connection with 

t h e  hypothesis  formulated by Gell-Mann and Zweig [43, 441 concerning t h e  

ex i s t ence  of superelementary p a r t i c l e s ,  so -ca l l ed  quarks,  which should have 

an e l e c t r i c  charge f r a c t i o n a l  r e l a t i v e  t o  e ( f o r  d i f f e r e n t  v a r i e t i e s  of quarks 

t h e  charge should be 1 / 3  e and k 2/3 e ) .  
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The Gell-Mann -- Zweig hypothes is  found i n d i r e c t  confirmation i n  t h e  

discovery of Q - - p a r t i c l e s .  

" v a r i e t i e s "  of quarks should be  stable.  

theory  it was found p o s s i b l e  (Ya. B .  Zel 'dovich [45]) t o  ob ta in  a mean 

e s t ima te  a t  t h e  p re sen t  time of  t h e  d i s t r i b u t i o n  of  r e l i c t  quarks.  
d i s t r i b u t i o n  level  should b e  about 10-1 0-10'11 quark p e r  nucleon. However, 

t h i s  estimate i s  an average f o r  t h e  un ive r se ,  and it i s  not  impossible t h a t  

t h e r e  a r e  accumulations o f  re.lict quarks i n  ind iv idua l  reg ions  of  t h e  universe  

o r  i n  substances with a cer ta in  composition. Thus, an urgent  need a rose  f o r  

r epea t ing  t h e  Mi l l ikan  experiments,  o r  experiments c l o s e  t o  them, i n  order  t o  

d e t e c t  r a r e  s t a b l e  p a r t i c l e s  wi th  a charge of 1/3 e o r  2/3  e .  Such experiments 

were c a r r i e d  out  by G .  Ga l l ina ro  and G .  Morpurgo [46] a t  t h e  Univers i ty  o f  

Genoa, and a l s o  a t  Moscow Unive r s i ty  (Ya. B .  Zel 'dovich,  L .  S.  Korniyenko, 

V .  K .  Martynov, V .  V .  Migulin,  S .  S .  Poloskov and V. B .  Braginskiy [47-491). 

According t o  t h i s  hypothes is ,  a t  least  one of  t h e  

On t h e  b a s i s  o f  t h e  "hot universe ' '  

The 

- /77 

Below we w i l l  d e sc r ibe  t h e  experiments c a r r i e d  out  a t  Moscow Univers i ty ,  

which a r e  of i n t e r e s t  i n  connection wi th  t h e  above-mentioned fundamental 

problem (and not  i n  r e l a t i o n  t o  t h e  fundamental na tu re  of t h e  r e s u l t )  and 

a l s o  because these  experiments can be  regarded as an i l l u s t r a t i o n  of t h e  

development of  a s e n s i t i v e  e l ec t rome te r .  

In  t h e  search  f o r  s t a b l e  r e l i c t  quarks i n  s o l i d  bodies  it i s  p o s s i b l e  t o  

use  a modi f ica t ion  of t h e  Mi l l ikan  method. I t  was d e s i r a b l e  t o  determine 

t h e  minimum charge ( l e s s  than t h e  e l e c t r o n  charge) f o r  a t e s t  body whose mass 

was s e v e r a l  o rders  of  magnitude g r e a t e r  than  t h e  mass of  d r o p l e t s  i n  t h e  

Mi l l ikan  experiments,  s i n c e  i n  t h e  l a t t e r  t h e  number of nucleons i n  a drop 

was 1012-1013. 

o rde r s  of  magnitude d id  not  make it p o s s i b l e  t o  r e t a i n  t h e  Mi l l ikan  method i n  
pure form, s i n c e  i n  o rde r  t o  hold t h e  drops i n  t h e  e a r t h ' s  g r a v i t y  f i e l d ,  it 

was a l ready  necessary t o  have an e l ec t r i c  f i e l d  s t r e n g t h  of about 5 kV/cm. 

Accordingly, it was necessary t o  suspend t h e  t es t  body e i t h e r  by us ing  a 

servosystem (ferromagnet ic  body),  o r  us ing  a Braunbeck susp-ension [SO] 

However, t h e  inc rease  i n  t e s t  body mass by seve ra l  

( s t rong  diamagnet ic) ,  which Ga l l ina ro ,  Morpurgo, e t  a l .  propose f o r  use  i n  /78 
searching  f o r  quarks.  
w i l l  b e  d isp laced  r e l a t i v e  t o  t h e  p o s i t i o n  of equi l ibr ium i f  t h e  p o t e n t i a l  

The tes t  body, suspended i n  a magnetic p o t e n t i a l  wel l ,  
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w e l l  i s  i n  an e l ec t r i c  f i e l d  and i f  t h e  body i s  charged. This  d i sp l ace -  

ment, p ropor t iona l  t o  t h e  charge,  i f  it has  a low abso lu te  value,  changes 

d i s c r e t e l y  with a change i n  t h e  charge by one o r  a few e l e c t r o n  charges.  

The presence of  a quark i n  t h e  body should have t h e  fo l lowing  e f fec t :  i n  
p l ace  of p o s s i b l e  charges (..., - 2 ,  - 1, + 1, + 2 ,  ...) e ,  one should 

observe charges (. . . , - Z1/3 ,  - 1 9 3 ,  - v 3 ,  + 2 / 3 ,  + 1 2 / 3 ,  ...I e ,  o r  
(..., - 1 2 / 3 ,  - 2 / 3 ,  + 1 / 3 ,  + 1 1 / 3 ,  . . . I  e .  

Thus, i n s t ead  of measuring t h e  t ime of  motion of  d r o p l e t s  i n  t h e  f i e l d  

of an e l e c t r i c  capac i to r ,  as was done by Mi l l ikan ,  it was necessary  t o  

i n v e s t i g a t e  t h e  d i s t r i b u t i o n  func t ion  of displacements of  a t e s t  body 

r e l a t i v e  t o  t h e  p o s i t i o n  of equi l ibr ium i n  t h e  p o t e n t i a l  well .  

it was necessary t o  have s u f f i c i e n t l y  small displacements which would be 

l i n e a r l y  dependent on t h e  charge magnitude. 

In add i t ion ,  

I Source of 
/X-radiat ion 

Cap ac  it o r 6 

Figure 19 shows - /79 

a schematic diagram 

of  t h e  c e n t r a l  p a r t  

o f  t h e  apparatus  

used i n  making t h e  

measurements [ 4 7 ,  

481. The t e s t  body 

was a p a r t i c l e  of  

g r a p h i t e  (diamagnetic) 

and t h e  body was 

s i t u a t e d  near  t h e  

s e c t i o n  between t h e  

f l a t  po le s  of an 

r a d i a t i o n  electromagnet .  Near 

Figure 19 t h e  s e c t i o n ,  t h e  

f i e l d ,  decreasing 

sharp ly  i n  t h e  z d i r e c t i o n ,  c r e a t e s  a f o r c e  which i s  d i r e c t e d  upward f o r  t h e  

d i  magne t  i c (graphi te )  

d l l !  Illz :- I . (  L - p)(Hn)-'-5=, 
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4 

f 

i 
1 
1 compensating t h e  p a r t i c l e  weight.  The 

1' s e c t i o n  va r i ed  from 1 . 8 0 1 0 ~  t o  1 . 2 0 1 0 ~  

gap between t h e  po le s  was about 5 mm. 

magnetic f i e l d  s t r e n g t h  near  t h e  

oe f o r  d i f f e r e n t  p a r t i c l e s .  The 

I n  t h e  upper p a r t  o f  t he  e l e c t r o -  
magnetic po les  t h e r e  was a r eces s  which ensured s t a b i l i t y  of t h e  p a r t i c l e  

i n  t h e  y d i r e c t i o n .  

o p t i c a l  r a d i a t i o n .  

image of t h e  p a r t i c l e  on a screen  (90-fold l i n e a r  magni f ica t ion) .  

The p a r t i c l e  is  i l lumina ted  by a s t a b i l i z e d  source of 

An ob jec t ive  makes it p o s s i b l e  t o  ob ta in  a p e r s i s t e n t  

In  t h e  gap between t h e  electromagnet po les  t h e r e  are two we l l - in su la t ed  

p a r a l l e l  p l a t e s  of  an e l e c t r i c  capac i to r .  

e l e c t r i c  f i e l d  i n  t h e  neighborhood of t h e  p a r t i c l e  coincides  with t h e  mag- 

n e t i c  f i e l d  d i r e c t i o n .  The equi l ibr ium p o s i t i o n  of t h e  p a r t i c l e  under t h e  

j o i n t  in f luence  of both f i e l d s  and t h e  small  p a r t i c l e  charges i s  l i n e a r l y  

dependent on t h e  charge magnitude q ,  assuming t h e  same e l e c t r i c  f i e l d  s t r e n g t h  

E .  

Thus, t h e  d i r e c t i o n  of  t h e  

In t h e  f i r s t  s e r i e s  of measurements [47 ,  481,  t h e  volume around t h e  

p a r t i c l e  was not  evacuated and t h e  p l a t e s  were f ed  a constant  e l e c t r i c  vo l t age .  

In p l ace  of a sc reen ,  t h e  authors  used a photographic f i l m  and r e g i s t e r e d  t h e  

d i f f e rence  i n  p a r t i c l e  displacements with a change i n  vo l t age  p o l a r i t y .  This 

excluded t h e  poss ib l e  e f f e c t  of  t h e  f o r c e  V ( i n t e r a c t i o n  of t h e  induced 

d ipo le  moment and a nonuniform e l e c t r i c  f i e l d ) ,  changing q u a d r a t i c a l l y  with 

t h e  f i e l d  E .  T h e . p a r t i c l e  charge q was v a r i e d  us ing  a weak cur ren t  of ions  

i n  t h e  a i r ,  obtained by exposure t o  t h e  e l e c t r i c  f i e l d  and weak X-radiat ion 

( t h i s  same method was employed by Mi l l i kan ) .  

aE2 

Figure 20 (upper p a r t )  shows t h e  d i s t r i b u t i o n  func t ion  f o r  q u a s i s t a t i c  /81 
displacements x of a p a r t i c l e  having t h e  mass 9 0 1 0 - ~  g i n  an e l e c t r i c  f i e l d  

E = 1.5 kV/cm. 

between which (about 5 * 1 0 - 4  cm) corresponds t o  a change i n  t h e  p a r t i c l e  

charge for e .  
t i ngu i shab le  from zero:  q = 0.00 k 0.11 e ,  with a r e l i a b i l i t y  of 0 .99.  

(The s t a t i s t i c a l  processing of t hese  measurements has  been descr ibed i n  

d e t a i l  i n  [47]  .) 

t o  - 3 e .  
motion. 

There a r e  s i x  c l e a r l y  v i s i b l e  e q u i d i s t a n t  maxima, t h e  d i s t ance  

The mean charge a t  t h e  zero maximum i s  s t a t i s t i c a l l y  i n d i s -  

Figure 20 shows t h a t  t h e  p a r t i c l e  charge va r i ed  from + 2 e 
The s c a t t e r  of p a r t i c l e  displacements was caused by Brownian 

Accordingly, t h e  p o i n t s  corresponding t o  d i f f e r e n t  charges a r e  
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denoted i n  t h e  f i g u r e  by d i f f e r e n t  symbols ( c ros ses ,  c i r c l e s ,  e t c . ) .  The 

lower p a r t  o f  Figure 20 shows a record  of  t h i s  same p a r t i c l e  i n  t ime,  

averaged f o r  8 displacements ( the  t ime ax i s  i s  d i r e c t e d  downward). 

x t h e  Brownian f l u c t u a t i o n s  a r e  expressed t o  a l e s s e r  degree and t h e  

dev ia t ions  of displacements from t h e  mean do not  over lap .  

t h e  d i s c r e t e  change i n  t h e  p o s i t i o n  of equi l ibr ium f o r  t h e  p a r t i c l e ,  as w e l l  

as t h e  temporal r e p e t i t i o n  of t h e  same charges (+ 1 e and - 2 e ) .  The l e t t e r  
R denotes t h e  t imes when t h e  X-radiat ion source was o p e r a t i v e .  
ob ta in  such a d i s t r i b u t i o n  func t ion  it i s  necessary t h a t  T~~~~ c- 104 sep .  

For 8 
I 

8 
We can c l e a r l y  s e e  

I n  order  t o  

Figure 20 

A poss ib l e  source of  sys temat ic  e r r o r  i n  t h i s  method Is t h a t  t h e  

p a r t i c l e  may have a s t a t i c  d ipo le  moment D, i n t e r a c t i n g  with t h e  nonuniform 

e l e c t r i c  f i e l d  ( a E 4 a 2  # 0 ) .  This can r e s u l t  i n  t h e  s impla t ion  of a f r a c t i o n a l  
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charge.  
added impur i t i e s  have a d i p o l e  moment D 
p o t e n t i a l  d i f f e r e n c e  of  about 1 V on t h e  p a r t i c l e  s u r f a c e ) .  

e l imina te  t h i s  p a r a s i t i c  e f f e c t ,  t h e  e lec t r ic  c a p a c i t o r  p l a t e s  were c a r e f u l l y  

i n s e r t e d  p a r a l l e l  t o  one another  ( p a r a l l e l i s m  not  worse than  7-8 p a t  a 
d i s t a n c e  of 10 cm); i n  a d d i t i o n ,  measures were taken  f o r  prec luding  t h e  

f a l l i n g  of g r a p h i t e  dus t  on t h e  capac i to r  p l a t e s  near  t h e  p a r t i c l e  p o s i t i o n  

of equi l ibr ium ( f o r  f u r t h e r  d e t a i l s  s e e  [47]) .  

I t  was found t h a t  some p a r t i c l e s  of pure  g r a p h i t e  and g r a p h i t e  with 

% 5 0 1 0 - ~  CGSE ( t h i s  corresponds t o  a 
X 

In  order  t o  

In  t h e  f irst  series of  measurements (with t h e  sums of masses of  a l l  

p a r t i c l e s  taken i n t o  account ) ,  it was demonstrated t h a t  no quarks were 

present  a t  t h e  l e v e l  o f  occurrence quark p e r  nucleon. A s o l u t i o n  of  /82 
a stony me teo r i t e ,  as w e l l  as dry  r e s idue  from t h e  slow evaporat ion of a 

g r e a t  q u a n t i t y  of  water, was added t o  t h e  g raph i t e  ( i n  t h i s  procedure t h e r e  

might be an "enrichment" with quarks and accordingly t h e  est imated l i m i t  f o r  

occurrence of  quarks i n  water  was about quark p e r  nuc leon) .  

In  t h e  descr ibed  appara tus ,  as mentioned above, t h e  t ime of measurement 

with one p a r t i c l e  was T 

presence of a i r  was T* = 1 s e c .  Thus, t h e  condi t ions  f o r  measuring t h e  f o r c e  

F = - E ,  whose e f f e c t  on a p a r t i c l e  was t o  be  determined, were extremely f a r  

from optimum. In t h e  second s e r i e s  of measurements [49],  changes were made 

i n  t h e  appara tus .  The volume near  t h e  p a r t i c l e  was evacuated (vacuum about 

1*10-2 mm Hg). 

t h e  d i r e c t i o n  o f  t h e  e l e c t r i c  l i n e s  of  f o r c e  a t t a i n e d  Q = l o 2 .  
vacuum it was p o s s i b l e  t o  change t h e  p a r t i c l e  charge by use  of a weak glow 

discharge .  Ins tead  of  a photographic  f i l m ,  a p h o t o e l e c t r i c  conver te r  was 

placed i n  t h e  screen  p lane ;  t h e  s i g n a l  a t  t h e  output  of  t h i s  conver te r  was 

p ropor t iona l  t o  t h e  p a r t i c l e  displacement .  Due t o  t h e  r e l a t i v e l y  high q u a l i t y  

of p a r t i c l e  o s c i l l a t i o n s  it was convenient t o  r e p l a c e  t h e  q u a s i s t a t i c  e l e c t r i c  

vo l t age  ac ross  t h e  capac i to r  p l a t e s  by a v a r i a b l e  e l e c t r i c  vo l t age  with a 

frequency equal  t o  t h e  frequency o f  c h a r a c t e r i s t i c  o s c i l l a t i o n s  of  t h e  

p a r t i c l e  i n  t h e  x d i r e c t i o n  (w = 2 ~ r - 7  sec- ' ) .  

r e g i s t e r e d  on t h e  t a p e  of a loop osc i l l og raph ,  and then  t h e  record  was sub- 

j e c t e d  t o  s t a t i s t i c a l  process ing ,  similar t o  t h e  synchronous r e c t i f i c a t i o n  

= 1-104 sec; t h e  r e l a x a t i o n  t ime due t o  t h e  meas 

e 
x 3  

As a r e s u l t ,  t h e  q u a l i t y  of  t h e  p a r t i c l e  f o r  o s c i l l a t i o n s  i n  

With a fo re -  

The p a r t i c l e  o s c i l l a t i o n s  were 
X 
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opera t ion .  This  made it p o s s i b l e  t o  r e t a i n  t h e  s igna l - to -no i se  r a t i o  t h e  

same as i n  t h e  f irst  ser ies  (confidence i n t e r v a l  about 0 . 1  e ) ,  i nc reas ing  

t h e  p a r t i c l e  mass on t h e  average by a f a c t o r  o f  7 ,  and reducing  t h e  measure- 

ment time with one p a r t i c l e  t o  l o 2  sec. 

concre t ions  i n  f l u o r i c  a c i d ,  or t h e  p r e c i p i t a t e  from evapora t ion  of  a g r e a t  

q u a n t i t y  of water, were added t o  some o f  t h e  30 p a r t i c l e s  (mean mass about 

l . 2 0 l O - ~  g)  which were measured, as i n  t h e  f i rs t  s e r i e s .  I n  not  one of  t h e s e  

S a l t s  o f  a s o l u t i o n  of marine 

p a r t i c l e s  was it p o s s i b l e  t o  d e t e c t  t h e  presence of f r a c t i o n a l  charges .  The 
charge which was minimum i n  abso lu te  va lue  d i d  no t  d i f f e r  s t a t i s t i c a l l y  from 

zero,  and t h e  mean confidence i n t e r v a l  when measuring t h e  charge w a s  0.093 e 
( a t  t h e  confidence level 0 . 9 9 ) .  

/83 

Thus, t h e  second s e r i e s  of measurements made it p o s s i b l e  t o  reduce t h e  

upper l i m i t  o f  p o s s i b l e  occurrence of  r e l i c t  quarks i n  s o l i d  bodies  t o  

p e r  nucleon ( tak ing  irl to account p o s s i b l e  enrichment due t o  t h e  evaporat ion of 
water  t o  10-23 p e r  nucleon) .  

In  t h e  experiments by Gal l inaro ,  Morpurgo, e t  a l .  [46] ,  a negat ive  r e s u l t  

was a l s o  obtained.  The Method i n  t h i s  experiment was s imilar  t o  t h a t  

descr ibed  above. However, t h e  capac i to r  p l a t e s  were arranged (see Figure 19) 

i n  such a way t h a t  t h e  e l e c t r i c  f i e l d  E was d i r e c t e d  along t h e  LJ a x i s .  

made p o s s i b l e  a s u b s t a n t i a l  i nc rease  i n  t h e  p a r t i c l e  displacement with a 

change i n  q by one e l e c t r o n ,  s i n c e  t h e  r i g i d i t y  i n  t h e  p o t e n t i a l  well i n  t h e  

y d i r e c t i o n  was less than  i n  t h e  x d i r e c t i o n .  However, t h e  lesser s i z e  of 

t h e  capac i to r  p l a t e s ,  as a r e s u l t  o f  such an o r i e n t a t i o n ,  considerably 

inc reases  t h e  p o s s i b l e  aE /ay va lue ,  and t h e r e f o r e ,  due t o  t h e  above-mentioned 

p a r a s i t i c  e f f e c t  sets a more r igorous  l i m i t  f o r  p a r t i c l e  mass. In  t h i s  

experiment t h e  p a r t i c l e  mass was two o rde r s  of  magnitude less than  i n  t h e  

second s e r i e s  of our  measurements. 

This 

9 

Both descr ibed  experiments were of a purposefu l  n a t u r e :  an attempt was 

made t o  d e t e c t  t h e  ex i s t ence  of  r a r e  r e l i c t  quarks i n  a s o l i d  body. 

i n g l y ,  it was d e s i r a b l e ,  while  r e t a i n i n g  a r e s o l u t i o n  of  about 0 .1  e 

(confidence i n t e r v a l ) ,  t o  have a t e s t  body of  t h e  g r e a t e s t  p o s s i b l e  mass. 

I t  i s  c l e a r  t h a t  o t h e r  experimental  v a r i a n t s  can b e  c a r r i e d  o u t .  For  example, 

one could attempt t o  f i n d  r a r e  s t a b l e  p a r t i c l e s  wi th  a charge such as l ~ l O - ~  e 

Accord- 
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using a similar appara tus .  
t h e  t e s t  bodies by approximately t h r e e  orders  of magnitude. 

t h e o r e t i c a l  premises,  such as t h e  Gell-Mann --'Zweig hypothesis ,  y e t  e x i s t  
f o r  such search .  

This would r e q u i r e  a decrease i n  t h e  mass of  

However, ho 

In § 4 w e  presented  an es t imate  of t h e  minimum charge [qImin which can 

b e  de tec ted  i n  a body with t h e  mass m when it i s  ac ted  upon by a fo rce  qE 

under optimum condi t ions .  For E = l o 2  CGSE (30 kV/cm), m = 1 g ,  = 1*103 s e c  

and w mech = 1 s e c - l  a value [q],,, = 1 .6*10 l7  CGSE = 3 0 1 0 - ~  e was obta ined .  /84 
Thus, i n  these  experiments wi th  t e s t  bodies t h e r e  i s  a g r e a t  r e se rve  of  

s e n s i t i v i t y .  

We note  i n  conclusion t h a t  a c e r t a i n  caut ion must ev ident ly  be exerc ised  

with r e spec t  t o  t h e  lower l i m i t  of p o s s i b l e  occurrence of quarks obtained i n  

[51] ,  s i n c e  t h e  au thors  of [51] used an "enrichment method" which with 

c e r t a i n  assumptions concerning t h e  p r o p e r t i e s  of quarks could lead t o  an 

impoverishment of t h e  substances subjec ted  t o  i n v e s t i g a t i o n .  
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CHAPTER I11 /85 
PROSPECTS FOR CARRYING OUT GRAVITATIONAL AND NUCLEAR 

EXPERIMENTS WITH TEST BODIES 

R e l a t i v i s t i c  g r a v i t a t i o n a l  experiments occupy a s p e c i a l  p l a c e  i n  exper i -  

mental phys ics .  

t h e  smallness  of  t h e  g r a v i t a t i o n a l  cons t an t ,  on t h e  one hand, and t h e  real 

need f o r  a theory  i n  conducting t h e s e  experiments are a t t r a c t i n g  t h e  a t t e n t i o n  

of many r e sea rche r s ,  and t h i s  has  l ed  t o  numerous proposa ls  f o r  formulat ing 

experiments.  

t a t i o n a l  theory ,  e s p e c i a l l y  during t h e  l a s t  decade, has  l e d  t o  a s i t u a t i o n  

which i s  anamolous i n  comparison with o t h e r  branches of phys ics :  r e sea rche r s  

can not  "contend" with t h e  e f f e c t s  which were e s s e n t i a l l y  p red ic t ed  more than 

40 years  ago. There i s  a c e r t a i n  j u s t i f i c a t i o n  f o r  t h i s  s i t u a t i o n  because f o r  

those  masses which t h e  experimenter has a t  h i s  d i sposa l  i n  t h e  l abora to ry ,  t h e  

e f f e c t s  p red ic t ed  by t h e  genera l  theory  of r e l a t i v i t y  are unusual ly  smal l ,  and 

as w i l l  be  demonstrated h e r e a f t e r ,  many of them can be de t ec t ed  only near  t h e  

threshold  of l i m i t i n g  s e n s i t i v i t y ,  from which experimenters today a r e  separa ted  

by 7 t o  10 o rde r s  of magnitude. 

glance t h e  e f f e c t s  p red ic t ed  by t h e  genera l  theory  of r e l a t i v i t y  have no 

p r a c t i c a l  app l i ca t ion  because they  lead  only t o  small add i t ions  t o  t h e  non- 

r e l a t i v i s t i c  Newtonian d e s c r i p t i o n  of t h e  motion of  a r t i f i c i a l  space bodies ,  

The unusual d i f f i c u l t y  i n  ca r ry ing  them o u t ,  t oge the r  with 

The r e l a t i v e l y  vigorous development of r e l a t i v i s t i c  grav i -  

Another p o s s i b l e  f a c t o r  i s  t h a t  a t  f i r s t  

and photon rockets  are s t i l l  l a r g e l y  i n  the  realm of  sc ience  f i c t i o n  /86 
w r i t e r s .  

elementary p a r t i c l e s  and masses co l l aps ing  t o  t h e  Planck elementary length 

(planckeons-maximons [52 ] )  i n  general  do not  exclude t h e  p o s s i b i l i t y  of 

ex is tence  of g r e a t  ene rg ie s  of  g r a v i t a t i o n a l  o r i g i n  i n  elementary p a r t i c l e s .  

The r e c e n t l y  appearing i n v e s t i g a t i o n s  r e l a t i n g  t h e  s t r u c t u r e  of 

We now know of t h e  r e s u l t s  of t h r e e  fundamental experiments which confirm 

t h e  general  theory of r e l a t i v i t y .  

pe r ihe l ion  of Mercury, t h e  red-b lue  s h i f t  i n  t h e  frequency of  e l ec t ro , . dgne t i c  

r a d i a t i o n  i n  t h e  e a r t h ' s  g r a v i t y  f i e l d ,  and t h e  d e f l e c t i o n  of  t he  o p t i c a l  
r a d i a t i o n  of stars i n  t h e  s u n ' s  g r a v i t y  f i e l d .  

numerous r e p e t i t i o n s  of  t h e  t h i r d  experiment it was not  p o s s i b l e  t o  ob ta in  a 

These inc lude  t h e  r o t a t i o n s  of  t h e  

I t  should be  noted t h a t  i n  t h e  
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high measurement accuracy and accordingly it was impossible  t o  ob ta in  a good 

correspondence between t h e  r e s u l t s  and t h e  p r e d i c t i o n s  which fol low from t h e  

genera l  theory  o f  r e l a t i v i t y  ( see  review [53]). 

In  Chapter I11 w e  w i l l  d i s c u s s  t h e  p o s s i b i l i t i e s  o f  d e t e c t i n g  some new 

r e l a t i v i s t i c  g r a v i t a t i o n a l  effects involving experiments with tes t  bodies  

( § §  8 and 9 ) .  This chapter  w i l l  a l s o  inc lude  a b r i e f  d i scuss ion  of two 

nuclear  experiments f o r  t h e  d e t e c t i o n  of  small f o r c e s  and t h e  moments of 

fo rces  appl ied  t o  macroscopic bodies .  

5 8 .  Problem of  Detec t ing  G r a v i t a t i o n a l  Radia t ion .  

I t  has  been known f o r  more than  40 years  t h a t  i n  t h e  case of  a weak 

- 

g r a v i t a t i o n a l  f i e l d  t h e  E i n s t e i n  equat ions are s i m i l a r  t o  t h e  

f o r  t h e  e lec t romagnet ic  f i e l d  [54] 

wave equat ions 

wi th  t h e  a d d i t i o n a l  condi t ion  QV = 0 .  In  equat ion (8.1)  
1.1 ,v 

where hv i s  a small va lue  of  t h e  f i r s t  o rde r  of  magnitude cha rac t e r i z ing  

t h e  curva ture  of  t h e  me t r i c s  of  space g = 6 Tv i s  t h e  energy- 

momentum t e n s o r ;  y i s  t h e  g r a v i t a t i o n a l  cons t an t ;  e i s  t h e  speed of l i g h t .  
These equat ions ,  as  i n  t h e  Maxwellian equat ions ,  have a s o l u t i o n  i n  t h e  form 

of waves propagat ing with t h e  same v e l o c i t y  as e lec t romagnet ic  waves. However, 

only dur ing  r ecen t  yea r s  has  t h e r e  been d i scuss ion  i n  t h e  l i t e r a t u r e  concern- 

ing  t h e  p o s s i b i l i t y  of d e t e c t i n g  g r a v i t a t i o n a l  r a d i a t i o n .  I t  i s  d i f f i c u l t  t o  

d e t e c t  g r a v i t a t i o n a l  waves: a) due t o  t h e  smallness  o f  t h e  g r a v i t a t i o n a l  

constant  y ,  and b )  because t h e  r a t i o  of  t h e  g r a v i t a t i o n a l  mass ( g r a v i t a t i o n a l  

charge) t o  an i n e r t  mass i s  a constqnt  va lue  f o r  any bodies  ( see  § 5 ) .  Due t o  
t h e  second circumstance,  t h e  v a r i a b l e  motion of masses can lead  only t o  

quadrupole r a d i a t i o n  of g r a v i t a t i o n a l  waves. For example, t h e  energy l o s s  i n  

g r a v i t a t i o n a l  r a d i a t i o n  by some system of  masses when u/e << 1 i s  equal t o  

1.1 
+ h 

?JV 1.1v P V ’  1.1 

[541 
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where D i s  a component of t h e  t e n s o r  o f  quadrupole moment of masses 
aB 

Here 1-1 is  dens i ty ,  V i s  volume. Expression ( 8 . 2 )  f o r  t h e  i n t e n s i t y  of g rav i -  

t a t i o n a l  r a d i a t i o n  with an accuracy t o  t h e  numerical f a c t o r  co inc ides  with 

t h e  similar expression i n  electrodynamics f o r  t h e  i n t e n s i t y  of  quadrupole 

e lec t romagnet ic  r a d i a t i o n  

i f  i n  t h i s  express ion  & 
Thus, i n  an at tempt  

1-1 i s  rep laced  by t h e  d e n s i t y  p of  e l ec t r i c  charges.  

t o  c a r r y  out  experiments f o r  d e t e c t i n g  g r a v i t a t i o n a l  

r a d i a t i o n  t h e  s i t u a t i o n  i s  approximately t h e  same as i n  e lectrodynamics,  bu t  

t h e  experimenter w i l l  have a t  h i s  d i sposa l  only g r a v i t a t i o n a l  charges (gravi-  

t a t i o n a l  masses) of one s i g n  with t h e  same r a t i o  of  t h e  g r a v i t a t i o n a l  charge 

( g r a v i t a t i o n a l  mass) t o  t h e  i n e r t  mass. Accordingly, p o s s i b l e  fo rces  and 

d e t e c t o r s  can only be  of t h e  quadrupole type ,  and the re fo re  extremely i n -  

e f f e c t i v e .  In a d d i t i o n ,  t h e  s p e c i f i c  g r a v i t a t i o n a l  charge i s  extremely small 

( f o r  an e l e c t r o n  Gmgrav/min = & is  less than  e/min by % lo2’ ) .  

t a t i o n a l  r a d i a t i o n  i s  v i s u a l i z e d  as a f i e l d  detached from nonuniformly moving 

masses; t h i s  f i e l d  decreases  with d i s t a n c e  from t h e  source as r-’, provided 

t h e  d i s t ance  r i s  much g r e a t e r  than  t h e  wavelength. 

t h e  case of e lec t romagnet ic  r a d i a t i o n ,  h e r e  we can d i sc r imina te  a wave zone 

i n  which t h e  change i n  t h e  me t r i c s  of space i s  propagated with a v e l o c i t y  

equal t o  t h e  speed o f  l i g h t  and decreases  as r-l, and a nonwave zone i n  which 

t h e  f i e l d  can be computed approximately us ing  Newton‘s law. 

/88 - 

Gravi- 

In  o t h e r  words, as i n  
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In  add i t ion  t o  t h e  continuous improvement i n  experimental  equipment, 

an ob jec t ive  b a s i s  f o r  t h e  new i n t e r e s t  i n  car ry ing  out  experiments f o r  

d e t e c t i n g  g r a v i t a t i o n a l  r a d i a t i o n  i s  ev iden t ly  t h e  r e l a t i v e l y  r ecen t  develop- 

ment of s t a t i s t i c a l  methods f o r  d i sc r imina t ing  a weak s i g n a l  from no i se  with 

t h e  opt mum use  of  pre l iminary  information on t h e  s i g n a l .  This s e c t i o n  g ives  

d a t a  on d i f f e r e n t  p o s s i b l e  f o r c e s  of g r a v i t a t i o n a l  r a d i a t i o n ,  d i scusses  t h e  

a t t a i n a b l e  response of  d e t e c t o r s  on t h e  b a s i s  of  expressions der ived  i n  

Chapter 11, and g ives  t h e  pre l iminary  r e s u l t s  of some experiments which make 

it p o s s i b l e  t o  e s t ima te  t h e  upper l i m i t  of  t h e  l e v e l  of  g r a v i t a t i o n a l  

r a d i a t i o n  of e x t r a t e r r e s t r i a l  o r i g i n .  

Sources of  Grav i t a t iona l  Radiat ion 

Binar ies .  Binary stars with a small per iod  of r o t a t i o n  a r e  t h e  most 

r e l i a b l e  sources  of g r a v i t a t i o n a l  r a d i a t i o n  of e x t r a t e r r e s t r i a l  o r i g i n .  These 

fo rces  a r e  v i r t u a l l y  cons tan t  f o r  t h e  t e r r e s t r i a l  observer ,  and t h e r e f o r e  i n  

an attempt t o  d e t e c t  t h e i r  r a d i a t i o n  it i s  poss ib l e  t o  achieve a prolonged 
d iscr imina t ion  of  t h e  s i g n a l  from t h e  no i se  during c o r r e l a t e d  r ecep t ion ,  

t ak ing  advantage of t h e  circumstance t h a t  t he  r a d i a t i o n  i s  r igo rous ly  

synchronous with t h e  r o t a t i o n  of t h e  b inary  components, which can be  o p t i c a l l y  

observed. In t h e  case of a system of  two s tars  moving i n  c i r c u l a r  o r b i t s  and 

having t h e  masses m and m2 and t h e  r o t a t i o n  frequency w, t h e  i n t e n s i t y  of  

g r a v i t a t i o n a l  r a d i a t i o n  can be computed using formula ( 8 . 2 )  ; f o r  t h i s  case 

t h e  formula assumes the  form 

- / 8 9  

1 

I 
I 

As can be  seen from ( 8 . 5 ) ,  b ina ry  s tars  with a g rea t  mass, small pe r iod  of 

, r o t a t i o n ,  and s i t u a t e d  r e l a t i v e l y  c l o s e  t o  t h e  t e r r e s t r i a l  observer  are of I 
i n t e r e s t  as i n t e n s i v e  fo rces  of  g r a v i t a t i o n a l  r a d i a t i o n .  Table 4 gives  d a t a  

on t h e  i n t e n s i t y  o f  g r a v i t a t i o n a l  r a d i a t i o n  f o r  s i x  b i n a r i e s  s i t u a t e d  r e l a t i v e -  
l y  c l o s e  t o  t h e  s o l a r  system. This same t a b l e  g ives  the  pe r iod  of r o t a t i o n  

t h e  masses m and m i n  u n i t s  of  s o l a r  mass, t h e  d i s t a n c e  L t o  t h e s e  1 2 T rot '  
stars  from t h e  e a r t h ,  and t h e  d e n s i t y  t of t h e  f l u x  of g r a v i t a t i o n a l  
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r a d i a t i o n  near  t h e  e a r t h .  

depending on t h e  o r i e n t a t i o n  of  t h e  r o t a t i o n  p lane  of  t h e s e  stars r e l a t i v e  

t o  t h e  e a r t h .  

(see t h e  Kopal ca ta logue  [55]), whereas t h e  last  s tar  WZ i n  t h e  c o n s t e l l a t i o n  

S a g i t t a  has  a uniquely small per iod  of r o t a t i o n  (81 minutes) .  The t o t a l  

i n t e n s i t y  f l u x  of g r a v i t a t i o n a l  r a d i a t i o n  from t h i s  star poss ib ly  exceeds t h e  

i n t e n s i t y  of o p t i c a l  r a d i a t i o n  [56]. 

The f a c t o r  A can vary  from 0 t o  several u n i t s ,  

The first f ive  stars i n  t h i s  t a b l e  are e c l i p s i n g  b i n a r i e s  

TABLE 4 

Note: Commas r ep resen t  decimal p o i n t s .  

According t o  e s t ima tes  made by V .  N .  Mironovskiy [57] ,  b i n a r i e s  of  t h e  

type  WU Ma should y i e l d  t h e  g r e a t e r  p a r t  o f  t h e  f l u x  d e n s i t y  of g r a v i t a t i o n a l  

r a d i a t i o n  of  n o n t e r r e s t r i a l  o r i g i n ;  t h i s  va lue  should be approximately 

erg/sec*cm2. The most probable per iod  of r o t a t i o n  of t hese  s tars  i s  

about 4 hours .  Thus, i f  a g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r  i s  c rea t ed  under 

t e r r e s t r i a l  condi t ions  and i s  intended f o r  t h e  r ecep t ion  of r a d i a t i o n  from 

known b i n a r i e s ,  it must be ab le  t o  r e g i s t e r  a t  l e a s t  i n t e n s i t y  f luxes  of  

t 2 10-9-10-10 erg/sec-cm2.  Such an i n t e n s i t y  f l u x ,  i f  it were e l e c t r o -  

magnetic r a d i a t i o n ,  could be de t ec t ed  without d i f f i c u l t y .  However, as w i l l  

be shown below, t h e  quadrupole na tu re  o f  t h e  d e t e c t o r  makes t h i s  a very 

d i f f i c u l t  undertaking.  

The r a d i a t i o n  of  g r a v i t a t i o n a l  waves leads t o  an energy l o s s  of t h e  

b inary ;  as i s  known [54] ,  t h i s  l o s s  i s  equal t o  

78 



(without r e l a t i v i s t i c  c o r r e c t i o n s ) .  As a - r e s u l t ,  t h e  components of t h e  

b inary  star should converge, and t h e  frequency of  r o t a t i o n  should inc rease .  

During t h e  t ime ? 

Table 4 gives  t h e  

t h e  frequency of r o t a t i o n  w should change by t h e  va lue  Aw: 

r e l a t i v e  change i n  t h e  frequency of  r o t a t i o n  Aw/w,  computed 

using (8.6) f o r  t h e  same b ina ry  stars dur ing  t h e  t ime 

10 y e a r s ) .  

frequency of  r o t a t i o n ;  t h i s  can be caused by g r a v i t a t i o n a l  r a d i a t i o n  g r e a t e r  

than t h e  r e l a t i v e  frequency i n s t a b i l i t y  of modern atomic and molecular 

frequency s tandards  ( f o r  a hydrogen maser about 2*10-12) .  I t  i s  i n t e r e s t i n g  
t o  note  t h a t  f o r  most stars t h e  r o t a t i o n  frequency i s  known with an accuracy 

t o  t h e  8th decimal p l a c e ,  whereas t h e  e f f e c t  of g r a v i t a t i o n a l  r a d i a t i o n  i s  

= 3*108 s e c  (about 

The t a b l e  shows t h a t  a l l  s i x  s ta rs  e x h i b i t  a change i n  t h e  

expressed,  as i s  c l e a r  from t h e  t a b l e ,  i n  t h e  9 t h  o r  10th p l ace .  Thus, a /91 
poss ib l e  i n d i r e c t  experiment which could confirm t h e  ex i s t ence  of g r a v i t a t i o n a l  

r a d i a t i o n  would involve  t h e  long-term observa t ion  of  change i n  the  per iod  of 

r o t a t i o n  of s u i t a b l e  b i n a r i e s .  

Other phenomena can lead  
t o  a change i n  t h e  per iod  of 

r o t a t i o n  ( f o r  example, 

expuls ion of a l a r g e  mass of 
ma t t e r  from one of t h e  b inary  

components); t h i s  makes 

d i f f i c u l t  t h e  p o s s i b i l i t y  of  

observing t h e  e f f e c t  i n  pure  

form . 
The nlimber of  b ina ry  

stars i n  which t h e  change i n  
pe r iod  o f  r o t a t i o n  due t o  t h e  

r a d i a t i o n  of g r a v i t a t i o n a l  Figure 21 
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waves t h e o r e t i c a l l y  can be de t ec t ed  us ing  modern frequency s tandards  i s  

r a t h e r  g r e a t .  

e c l i p s i n g  b i n a r i e s  as a func t ion  of t h e  pos tu l a t ed  change i n  t h e  frequency o f  

r o t a t i o n  A w / w  f o r  ? = 3*108 s e c .  

used f o r  m l ,  m 
t h e  histogram, 8 e c l i p s i n g  stars must change t h e i r  frequency of r o t a t i o n  by 

more than 1 -10r9 ,  whereas 48 should change by more than  1 0 1 0 - ~ ~ .  

Figure 2 1  shows t h e  d i s t r i b u t i o n  of t h e  number of known 

In  determining t h i s  d i s t r i b u t i o n  d a t a  were 

from t h e  Kopal catalogue 1561. As can be  seen from /92 rot and T 2 - 

We note  one i n t e r e s t i n g  circumstance: i n  t h e  compilat ion of Table 4 

I t  ro t  ' b ina ry  s tars  were s e l e c t e d  which had r e l a t i v e l y  l a r g e  m and small T 

was found t h a t  among t h e  known b i n a r i e s  t h e r e  a r e  none whose components have 

masses of s eve ra l  s o l a r  masses and a per iod  of r o t a t i o n  equal  t o  o r  l e s s  than 

t h e  per iod  of WZ Sge (81 minutes) .  If such b i n a r i e s  e x i s t e d ,  as a r e s u l t  of 

energy l o s s  i n  g r a v i t a t i o n a l  r a d i a t i o n  t h e i r  l i f e t i m e  as b i n a r i e s  would be 

r e l a t i v e l y  s h o r t .  In  t h e  case of t h e  "unique" b ina ry  WZ Sge, t h e  l i f e t i m e  

hypo the t i ca l ly  can be  about 100 mi l l i on  y e a r s .  

b i n a r i e s  of those  with l a r g e  Aw/w can be regarded as some i n d i r e c t  confirm- 

a t i o n  of t h e  ex i s t ence  of g r a v i t a t i o n a l  r a d i a t i o n .  

Thus, t h e  absence among known 

Hypothetical  sources  of g r a v i t a t i o n a l  r a d i a t i o n .  The processes  occurr-  

i ng  during asymmetrical s t a r  co l l apse  can lead  t o  powerful g r a v i t a t i o n a l  

r a d i a t i o n .  As pointed out  by Ya. B.  Zel 'dovich and I .  D.  Novikov [58],  with 

t h e  f a l l i n g  of a body with t h e  mass m onto a s p h e r i c a l l y  symmetrically com- 

press ing  s t a r  with t h e  mass M, whose r ad ius  i s  c lose  t o  t h e  g r a v i t a t i o n a l  

r ad ius  r 
b u r s t  of g r a v i t a t i o n a l  r a d i a t i o n ,  provided t h a t  m Q M. 

during movement -a long t h e  r ad ius  of a s t a r  with M, has  t h e  form of a s i n g l e  

b u r s t  with t h e  dura t ion  A T  Q r /e; i n  t h e  case  of f i n i t e  movement i n  an o r b i t  
g 

with a r ad ius  comparable with r 
Each b u r s t  has  an energy of  Q am2e2/M, where ct = 0.01-0.1.  

t h a t  i n  t h e  case  of f i n i t e  movement of t h e  mass m i n  t h e  neighborhood of t h e  

star M t h e  t o t a l  r a d i a t e d  energy i n  t h e  form of g r a v i t a t i o n a l  waves i s  not  

dependent on t h e  r a t i o  m/M. 

L = 500 mps from t h e  s o l a r  system, when m = m 

near  t h e  e a r t h  a f l u x  with t h e  i n t e n s i t y  

= 2yM/e2, several percent  of t h e  energy me2 i s  transformed i n t o  a 
g 

The g r a v i t a t i o n a l  wave, 

it has t h e  form of  a t r a i n  of such b u r s t s .  
g' 

I t  i s  i n t e r e s t i n g  

If such a source was s i t u a t e d  a t  a d i s t ance  of 

and M = l o 2  m one could expect 
0 0 
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i f  it is  assumed t h a t  B = 

spectrum should l i e  near  t h e  frequency f = c/rg. = l o 3  cps.  

unknown how f r equen t ly  such processes  t r a n s p i r e ;  t h e r e f o r e ,  if a d e t e c t o r  was 
c rea t ed  f o r  t h e  r ecep t ion  of  r a d i a t i o n  from such sources ,  it would be  necess- 

a ry  t o  p lan  on observa t ions  over a long per iod  of time. 

I n  t h i s  case t h e  g r e a t e r  p a r t  of t h e  emission /93 - 
However, it i s  

In t h e  case of  asymmetrical s ta r  co l l apse ,  i n t ens ive  g r a v i t a t i o n a l  
r a d i a t i o n  can occur due t o  o the r  mechanisms ( s t a r  Eotat'ion and o s c i l l a t i o n )  

According t o  es t imates  by I .  S. 'Shklovskiy and N .  S .  Kardashev [59], made 

on t h e  b a s i s  of some model concepts of asymmetrical s tar co l l apse ,  it can be 

expected t h a t  with a mass M = 1041 g t h e  i n t e n s i t y  of g r a v i t a t i o n a l  r a d i a t i o n  

would a t t a i n  1054-1058 erg /sec .  
of 500 megaparsecs from t h e  e a r t h ,  a f l u x  of g r a v i t a t i o n a l  r a d i a t i o n  t ci 10-1 - -- 
- - i O + 3  erg/sec*cm2 could be expected from it near  t h e  frequency f = 10-4 cps. 

Ya. B .  Zel 'dovich [60] f e e l s  t h a t  it i s  not  impossible t h a t  pu l sa r s  a r e  

If  such a source was s i t u a t e d  a t  a d i s t ance  

a l s o  sources  of g r a v i t a t i o n a l  r a d i a t i o n  synchronous with t h e  pu l sa t ion  

frequency. 

I f  so -ca l l ed  neutron stars do e x i s t  [61],  which should have r e l a t i v e l y  

l a r g e  masses (m Q 0.5 me) and small s i z e  (I? Q 16 km), double neutron stars 

should a l s o  be a source of powerful g r a v i t a t i o n a l  r a d i a t i o n .  According t o  

es t imates  made by Dyson [61] ,  a double neutron s t a r  i n  t h e  two seconds p r i o r  

t o  t h e  merging of i t s  two components emits Q 

about l o 3  cps .  

e a r t h ,  it can be computed t h a t  i t s  f l u x  i n t e n s i t y  would be l o 3  erg/sec*cm2. 

e rg / sec  with a frequency of 

If  such a source i s  s i t u a t e d  a t  a d i s t ance  of  300 kps from t h e  

Grav i t a t iona l  r a d i a t i o n  from t h e  above-mentioned sources  i s  caused by t h e  

d i s s i p a t i o n  of energy, no t  by i t s  t r a n s f e r  from one p a r t  of i n t e r a c t i n g  masses 

t o  another  [54] .  

r a d i a t i o n  a r e  not  cons tan t ,  and although they should g ive  considerably g r e a t e r  

f l u x  d e n s i t i e s  of g r a v i t a t i o n a l  r a d i a t i o n  over a b r i e f  per iod  than known 

We no te  t h a t  t h e s e  hypothe t ica l  sources  of g r a v i t a t i o n a l  

b i n a r i e s ,  it i s  d e s i r a b l e  i n  formulat ing a corresponding experiment t o  /94 
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estimate how f r e q u e n t l y  such sources  may be  a c t i v e .  

ye t  been made. 

Such estimates have not  

High frequency g r a v i t a t i o n a l  r a d i a t i o n  of n o n t e r r e s t r i a l  o r i g i n .  -- 

thermal motion of  matter may b e  a p o s s i b l e  source  of  g r a v i t a t i o n a l  r a d i a t i o n .  

According t o  an estimate made by V .  N. Mironovskiy [57],  t h e  i n t e n s i t y  of  

s o l a r  g r a v i t a t i o n a l  r a d i a t i o n  i s  caused f o r  t h e  most p a r t  by bremsstrahlung 

( g r a v i t a t i o n a l  r a d i a t i o n )  dur ing  t h e  Coulomb s c a t t e r i n g  of  e l e c t r o n s  and i s  

about 1 0 l 2  e rg /sec .  

The 

This f l u x  i n t e n s i t y  corresponds t o  s e v e r a l  g rav i tons  

(with a frequency approximately corresponding t o  t h e  o p t i c a l  range) inc iden t  

on a square meter of  t h e  e a r t h ' s  s u r f a c e  p e r  second. 

hypothes is  of p o s s i b l e  mutual t ransformat ions  of  ord inary  matter and t h e  

g r a v i t y  f i e l d  (D. D .  Ivanenko, A .  A.  Sokolov [62 ] ) ,  we can e s t ima te  t h e  

e f f e c t i v e  c ross  s e c t i o n  of  r e a c t i o n s  at  which t h e  g r a v i t a t i o n a l  t ransmuta t ions  

of fermions occur [63, 64, 651. However, t h e  c ross  s e c t i o n  of  such r e a c t i o n s  

i s  extremely small :  according t o  an e s t ima te  made by G .  M.  Gandel'man and 

V.  S. Pinayev, t h e  g r a v i t a t i o n a l  r a d i a t i o n  during Coulomb s c a t t e r i n g  o f  

e l e c t r o n s  i s  10 o rde r s  of magnitude less than  t h e  r a d i a t i o n  of neu t r inos  [ 6 6 ] .  

Accordingly, real  experiments wi th  t h i s  source  of  t ransformat ions  have ev i -  

d e n t l y  no t  y e t  been d iscussed .  

If w e  adhere t o  t h e  

We w i l l  mention s t i l l  another  p o s s i b l e  mechanism which can g ive  r i se  t o  

high-frequency g r a v i t a t i o n a l  r a d i a t i o n .  During t h e  propagat ion of e l e c t r o -  

magnetic r a d i a t i o n  i n  a cons tan t  e l e c t r i c  o r  magnetic f i e l d  varying i n  t ime 

with t h e  frequency of t h e  electromagnet ic  r a d i a t i o n ,  t h e  components o f  t h e  

energy-momentum t e n s o r ,  i n  accordance with equat ion (8 .1 ) ,  should y i e l d  

g r a v i t a t i o n a l  r a d i a t i o n  of t h e  same frequency 1671. Since t h e  propagat ion 

v e l o c i t i e s  for both waves are i d e n t i c a l ,  t h e r e  should be  a wave resonance of  

g r a v i t a t i o n a l  and e lec t romagnet ic  waves. In  t h e  absence of a constant  f i e l d  

t h e r e  i s  no r a d i a t i o n  of g r a v i t a t i o n a l  waves. The t ransformat ion  e f f i c i e n c y  

can be cha rac t e r i zed  by t h e  r a t i o  of  t h e  amplitudes of t h e  g r a v i t a t i o n a l  

wave a(x) and of t h e  e lec t romagnet ic  wave b ( x )  . Assuming t h a t  plane waves 

are propagated i n  t h e  d i r e c t i o n  x and i n t e r a c t  dur ing  t h e  time T, it  can be  /95 
seen [67],  t h a t  
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where Po i s  t h e  s t r e n g t h  of t h e  permanent magnetic f i e l d .  

t h a t  P u  = 

movement of  e lec t romagnet ic  r a d i a t i o n  from a remote cosmic source i s  l o 7  
yea r s ,  then  la(=c)/b(O) l 2  = I t  i s  important t h a t  i n  t h i s  case we are 

no t  involved with "reddening" of  a l l  t h e  photons en te r ing  i n t o  t h e  e l e c t r o -  

magnetic wave, b u t  with t h e  t ransformat ion  of  a photon i n t o  a g rav i ton .  

If it i s  assumed 

oe ,  T = 3-108 sec and it i s  assumed t h a t  t h e  t o t a l  t i m e  f o r  

Poss ib le  terrestr ia l  sources  of  g r a v i t a t i o n a l  ~~~ r a d i a t i o n .  Evident ly ,  

under t e r r e s t r i a l  condi t ions  it i s  d i f f i c u l t  t o  create a source  of g r a v i -  

t a t i o n a l  r a d i a t i o n  which could y i e l d  an i n t e n s i t y  comparable with t h e  

i n t e n s i t i e s  from e x t r a t e r r e s t r i a l  r e l a t i v e l y  low-frequency sources  (non- 

s t a t i o n a r y  processes  dur ing  s tar  co l l apse  and r a d i a t i o n  of b inary  s t a r s ) .  

For example, i f  a rod with a mass m % l o 4  g i s  r o t a t e d  a t  such a v e l o c i t y  

t h a t  t h e  c e n t r i p e t a l  stress i n  it is  c lose  t o  t h e  u l t i m a t e  s t r e n g t h  o f  t h e  
b e s t  v a r i e t i e s  of  s t e e l s ,  t h e  maximum i n t e n s i t y  of g r a v i t a t i o n a l  r a d i a t i o n  

which can be obta ined  with t h e  corresponding form of rod i s  

(about 10 g rav i tons  p e r  y e a r ) .  

- . - -  . .  . . . . . :. . - .  . . .  . . - . .  . . . . ~ .  . 

e rg / sec  

Mechanical o s c i l l a t i o n s  i n  s o l i d  bodies  a l s o  lead  t o  g r a v i t a t i o n a l  

r a d i a t i o n  (Weber [68 ] ) .  If l ong i tud ina l  o s c i l l a t i o n s  a r e  exc i t ed  i n  a rod 

a t  t h e  lowest of i t s  c h a r a c t e r i s t i c  f requencies ,  t h e  i n t e n s i t y  of  g rav i -  

t a t i o n a l  r a d i a t i o n  can be computed us ing  t h e  formula 

which a f t e r  simple t ransformat ions  can be obta ined  from (8 .2 )  (see [ 68 ] ) .  In  

formula (8.9) !J i s  t h e  d e n s i t y  of  matter i n  t h e  rod ,  S i s  i t s  cross  s e c t i o n ,  

5 i s  t h e  amplitude of l i n e a r  expansion, z, i s  t h e  v e l o c i t y  of  propagat ion o f  
l ong i tud ina l  waves i n  t h e  rod .  According t o  Weber's estimates, under t h e  b e s t  

condi t ions  for p, S ,  5 and z, one can count on a f l u x  with t h e  i n t e n s i t y  
e rg /sec ;  however, i n  t h i s  case it would be necessary  t o  expend a power of  

about l o 8  W on t h e  e x c i t a t i o n  of  mechanical o s c i l l a t i o n s .  

- /96 
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In  explosions it i s  a l s o  p o s s i b l e  t o  expect  a b u r s t  o f  g r a v i t h t i o n a l  

r a d i a t i o n .  

t h a t  during t h e  explosion of a uranium bomb (17 k i l o t o n s )  t h e  r a d i a t i o n  

i n t e n s i t y  i s  e r g / s e c  f o r  a pe r iod  of  about sec. 

Schuking ( see  t h e  t a b l e  i n  t h e  book by Wheeler 1691) es t imated  

In summarizing t h e s e  estimates f o r  d i f f e r e n t  p o s s i b l e  types  of sources  of 

g r a v i t a t i o n a l  r a d i a t i o n ,  i n  formulat ing corresponding experiments it 

ev iden t ly  i s  necessary t o  g ive  preference  t o  n o n t e r r e s t r i a l  fo rces .  

We should again mention t h e  proposals  made by U .  Kh. Kopvillem, e t  a l . ,  

[70] t h a t  t h e  c o l l e c t i v e  o s c i l l a t i o n s  of  molecules wi th  a high mass quadru? 

po le  moment, exc i t ed  by synchronous e lec t romagnet ic  r a d i a t i o n  from a powerful 

laser ,  be used for t h e  r a d i a t i o n  of  g r a v i t a t i o n a l  waves (with a frequency 

corresponding t o  t h e  o p t i c a l  range) .  

t h e s e  same molecules be used as a d e t e c t o r .  

made by U .  Kh. Kopvillem, e t  a l . ,  show t h a t  with t h i s  approach as well t h e r e  

a r e  extremely g r e a t  d i f f i c u l t i e s  i n  implementing an experiment.  Since t h e s e  

proposals  i n  t h e i r  phys i ca l  na tu re  a r e  beyond t h e  scope of  t h i s  book, w e  w i l l  

no t  d i scuss  them i n  d e t a i l ,  b u t  i n s t ead  refer t h e  r eade r  t o  t h e  l i t e r a t u r e .  

I t  i s  proposed t h a t  phonon counters  f o r  

The pre l iminary  computations 

Grav i t a t iona l  Radiat ion Quadrupole - Detect o r  

As a l ready  mentioned above, t h e  g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r ,  l i k e  

In  o t h e r  words, i n  formulat ing t h e  source,  must be of t h e  quadrupole type .  

an experiment for t h e  r ecep t ion  of g r a v i t a t i o n a l  r a d i a t i o n  it i s  necessary t o  

have a t  l e a s t  two t e s t  masses. Since t h e i r  s p e c i f i c  g r a v i t a t i o n a l  charges are 

i d e n t i c a l  (an i d e n t i c a l  r a t i o  of g r a v i t a t i o n a l  t o  i n e r t  mass),  t h e  r e l a t i v e  

movement of  t e s t  masses w i l l  be caused only by t h e  wave g r a d i e n t .  

d i s t ance  between masses 2 

t h e i r  v e l o c i t i e s  are not  t o o  g r e a t  (U/C << l ) ,  t h e  d i f f e r e n c e  i n  fo rces  a c t i n g  

on t h e  two t e s t  masses 

[68], i s  

If  t h e  
c1 i s  small i n  comparison wi th  t h e  wavelength, and 

/9 7 i n  t h e  g r a v i t a t i o n a l  wave f i e l d ,  according t o  Weber - 

(8.10) 

In formula (8.10) m i s  t h e  magnitude of each of t h e  t es t  masses and R' are 
OClO 

t h e  components of  t h e  Riemann curva ture  t e n s o r .  In  electrodynamics t h e  

84 



d i f f e r e n c e  i n  t h e  f o r c e s  a c t i n g  on two i d e n t i c a l  e lec t r ic  charges q spaced at 
t h e  d i s t a n c e  Z is  

(8.11) 

Expressions (8.10) and (8.11) are similar; t h e  parameter R' 

t h e  f i e l d  s t r e n g t h  g r a d i e n t .  

i s  equiva len t  t o  
OClO 

If t h e  r e g i s t r y  of a s i n u s o i d a l  e lec t romagnet ic  wave 

i s  accomplished us ing  two i d e n t i c a l  e l ec t r i c  charges (with an i d e n t i c a l  

r a t i o  q / m  
knowing t h e  frequency wo, t h e  magnitude of t h e  charge q and t h e  d i s t a n c e  

between charges 2, it is  a l s o  easy t o  compute t h e  i n t e n s i t y  of t h e  e l e c t r o -  

magnetic r a d i a t i o n  pass ing  nea r  t h e s e  charges.  In  t h e  expression f o r  t h e  

Poynting v e c t o r  S = c(47r)-l x [EH] i t  i s  necessary t o  s u b s t i t u t e  F from 

(8.11) and use  E = Eo sin ( W ~ T  - kc). 
s o i d a l  e lec t romagnet ic  wave we o b t a i n  

), from t h e  d i f f e r e n c e  i n  t h e  f o r c e s  Fez a c t i n g  on t h e s e  charges,  i n  

e2 
Then, f o r  t h e  i n t e n s i t y  o f  t h e  s inu-  

(8.12) 

Formula (8.12) i s  c o r r e c t  i f  Z << X and t h e  v e l o c i t i e s  of  charge motion a r e  

small. 

I f  similar c a l c u l a t i o n s  are made f o r  t h e  i n t e n s i t y  t of  g r a v i t a t i o n a l  

r a d i a t i o n ,  a similar express ion  can b e  der ived  

(8.13) 

Formula (8.13) ,  l i k e  (8 .12) ,  was der ived  f o r  a s i n u s o i d a l  wave. As can be  /98 
seen from a comparison of formulas (8.12) and (8.13),  they ,  l i k e  t h e  formulas 

f o r  r a d i a t i o n  i n t e n s i t y ,  co inc ide  (with an accuracy t o  t h e  numerical f a c t o r ) ,  

i f  i n  (8.13) m 4  i s  rep laced  by q .  



Thus, g r a v i t a t i o n a l  r a d i a t i o n  can be Ik-eceived" by any p a i r  o f  t e s t  

masses i f  t h e r e  i s  some device  making it p o s s i b l e  t o  r e g i s t e r  t h e  small 

d i f f e r e n c e  i n  f o r c e s  a c t i n g  on t h e s e  tes t  masses p resen t  i n  t h e  g r a v i t a t i o n a l  

wave f i e l d .  As t h e  p a i r s  o f  such masses one can select :  e a r t h - s a t e l l i t e ,  

e a r t h - s t a r ,  two p l a n e t s ,  two t e s t  masses i n  t h e  l abora to ry  and an extended 

s o l i d  body i n  which t h e  g r a v i t a t i o n a l  wave e x c i t e s  mechanical o s c i l l a t i o n s .  

Such a d e t e c t o r ,  l i k e  t h e  e l ec t r i c  quadrupole,  has  i t s  d i r e c t i o n a l  diagram 

[681*  

The formulat ion of  an experiment f o r  t h e  r ecep t ion  of g r a v i t a t i o n a l  

r a d i a t i o n  must ev iden t ly  be  d iscussed  from two p o i n t s  of  view. 

necessary t o  determine t h e  condi t ions  under which t h e  t es t  masses must be  

placed i f  t h e  experiment i s  c a r r i e d  out i n  the  l abora to ry .  Second, it i s  

necessary t o  s e l e c t  a method f o r  measuring small r e l a t i v e  displacements  

between t h e  t es t  masses caused by F' 

F i r s t ,  it i s  

( '5nstrumental"  l i m i t a t i o n s ) .  
g r  

Now we w i l l  cons ider  t h e  determinat ion of condi t ions  f o r  formulat ing an 

experiment. 

masses m which a r e  connected t o  one another  by a r i g i d i t y  element K and an 

element with f r i c t i o n  H t h e  equat ion f o r  t h e  r e l a t i v e  motion of t h e s e  

masses under t h e  inf luence  of g r a v i t a t i o n a l  r a d i a t i o n  w i l l  have t h e  form 

If t h e r e  i s  an o s c i l l a t o r  c o n s i s t i n g  of two i d e n t i c a l  po in t  

me eh 

where F' 
t h e  d i r e c t i o n  1 ~ .  

is  t h e  sum of  a l l  f l u c t u a t i o n  f Z  

In  a case  when t h e  t e s t  masses a r e  

-:= F'L .f. fl, (8.14) ET 

f o r c e s  a c t i n g  on t h e  t e s t  masses i n  

ac ted  upon only by f l u c t u a t i o n s  of  an 

i n d i c a t o r  with optimum tuning  i n  accordance with t h e  c r i t e r i a  set  f o r t h  i n  

5 4 ,  it i s  p o s s i b l e  t o  ob ta in  a n a l y t i c a l  expressions f o r  t h e  va lues :  

[ K u g a O I m i n  and PImin. 
minimum d e t e c t a b l e  component of t h e  Riemann curva ture  t e n s o r  i s  

In  t h e  case  of  an o p t i c a l  i n d i c a t o r ,  t h e  absolu te  

(8.15) 
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IE 
1, 
i 

where 2 is t h e  d i s t a n c e  between t h e  masses, 5 i s  a f a c t o r  of  t h e  o rde r  of 

s e v e r a l  u n i t s ,  dependent on t h e  s e l e c t e d  confidence l i m i t  o f  de t ec t ion ,  
w2 

t h e  i n d i c a t o r  ( f o r  independently emi t t ing  photons A = 1 ) .  Expression (8.15) 

i s  c o r r e c t  f o r  a g r a v i t a t i o n a l  f i e l d  s i n u s o i d a l l y  changing with t i m e  (R i s  

t h e  amplitude of change i n  one of  t h e  components) with t h e  frequency w mech 
and a t r a i n  du ra t ion  ?; i n  t h i s  case >7 l/wmech. Expression (8.15) fol lows 

d i r e c t l y  from (3.17) i f  i n  (3.17) [Polmin i s  replaced by (8 .10) .  

accordance with t h e  d e r i v a t i o n  of (3.17) ( see  § §  3 and 4) t h e  r ight-hand s i d e  
of (8.15) w i l l  b e  twice as g r e a t  i f  t h e  g r a v i t a t i o n a l  f i e l d  changes i n  

impulses and t h e  du ra t ion  of t h e  impulse Q conforms t o  the condi t ion  

= K/m, A i s  a f a c t o r  cha rac t e r i z ing  t h e  s t a t i s t i c s  of f l u c t u a t i o n s  i n  mech 

I n  

.; << l / w  mech * 

By transforming from components of t h e  curva ture  t e n s o r  t o  t h e  f l u x  

dens i ty  for g r a v i t a t i o n a l  r a d i a t i o n  [57] ,  we ob ta in  t h e  expression for 

(8.16) 

Expression (8.16) i s  c o r r e c t  f o r  a s inuso ida l  wave. If the  g r a v i t a t i o n a l  wave 
has t h e  form of a s h o r t  impulse (? << l /wiech),  t h e  r ight-hand s i d e  of (8.16) 

i s  fou r  t imes l a r g e r .  Thus, (8.16) makes it poss ib l e  t o  es t imate  t h e  s c a l e s  

of t h e  experiment necessary f o r  a t t a i n i n g  t h e  necessary response.  

- S u b s t i t u t i n g  i n t o  (8.16) = lo6 sec ,  m = 2*105 g ,  2 = l o 4  cm, w - 
mech 

s e c  (which approximately corresponds t o  t h e  per iod  of r o t a t i o n  of 
i n t e n s i v e l y  emi t t i ng  b ina ry  s t a r s ,  see above), 5 = 2 ,  we ob ta in  [t]o.9s 
1.5*10-11 erg/sec*cm2. 

than t h e  r a d i a t i o n  i n t e n s i t y  f o r  t h e  b ina ry  s tar  i Bootes which has t h e  

"best" i n t e n s i t y  ( see  Table 4 ) .  

This va lue  i s  approximately an order  of magnitude l e s s  

Thus, we can draw t h e  hypo the t i ca l  conclusion t h a t  from t h e  p o i n t  of view 

of t h e  t h e o r e t i c a l l y  a t t a i n a b l e  response of a quadrupole d e t e c t o r ,  cons i s t ing  
of a p a i r  of t e s t  masses and an optimum i n d i c a t o r ,  t h e  g r a v i t a t i o n a l  r a d i a t i o n  

of c lose  b i n a r i e s  can be  de t ec t ed .  However, t h e  c i t e d  numerical es t imates  

/ l o0  
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show how c l o s e  t h e  l i m i t i n g  response i s  t o  t h e  necessary  l e v e l  even i n  t h e  

case of  r e l a t i v e l y  l a r g e - s c a l e  experiments,  and accord ingly ,  how d i f f i c u l t  

such an experiment i s .  Evident ly ,  i n  t e r res t r ia l  l a b o r a t o r i e s  it i s  

impossible  due t o  t h e  h igh  l e v e l  of a d d i t i o n a l  f l u c t u a t i n g  e f f e c t s .  

clear t h a t  i t  i s  easier t o  a t tempt  t o  d iscover  t h e  more i n t e n s i v e  r a d i a t i o n  

at h ighe r  f requencies  from t h e  hypo the t i ca l  sou rces  mentioned above, provided 

t h a t  t h e  b u r s t s  from them are s u f f i c i e n t l y  f r equen t .  

I t  i s  

I f  two very d i s t a n t  s a t e l l i t e s  are used as t e s t  bod ies ,  t h e  t h e o r e t i c a l l y  

p o s s i b l e  response w i l l  b e  much g r e a t e r  ( see  express ion  (8.16))  and t h e  

a t t a i n a b l e  response w i l l  b e  determined only by t h e  cu r ren t  l e v e l  o f  expe r i -  
mental measurement techniques f o r  small r e l a t i v e  movements a t  g r e a t  d i s t a n c e s .  

A s  an i l l u s t r a t i o n  of t h e  experimental  p o s s i b i l i t i e s ,  we w i l l  examine 

s t i l l  another  v a r i a n t  of  such an experiment.  

masses w e  employ two h e l i o c e n t r i c  space s t a t i o n s  separa ted  by t h e  d i s t a n c e  

2 = 100 m i l l i o n  km, and t h a t  a g r a v i t a t i o n a l  wave p e r i o d i c a l l y  changes t h e  

d i s t a n c e  between them. 

Let u s  v i s u a l i z e  t h a t  as t e s t  

I t  i s  clear from what has  been s a i d  above t h a t  i f  t h e  mass of  t h e  

s t a t i o n s  i s  about m = l o 5  g,  u = 

response f o r  such a d e t e c t o r  w i l l  be  s u b s t a n t i a l l y  lower, t = l * l O - l o  

erg/sec/cm2 ( the  f l u x  dens i ty  i n  t h e  neighborhood o f  t h e  s o l a r  system from t h e  

star i Bootes, see Table 4 ) .  Accordingly, w e  w i l l  b e  concerned only with t h e  

p o s s i b i l i t y  of measuring small p e r i o d i c  v e l o c i t i e s  a t  such g r e a t  d i s t ances ,  

and a l s o  t h e  f l u c t u a t i o n  e f f e c t s  on t h e  space s t a t i o n s .  

sec-l and = lo6 sec, t h e  th re sho ld  

The amplitude of t h e  p e r i o d i c  component of  r e l a t i v e  v e l o c i t y  Av of t h e  

two s t a t i o n s ,  caused by t h e  g r a v i t a t i o n a l  wave, i s  

(8.17) 

This simple expression fol lows from (8.14) ,  provided t h a t  t h e  s t a t i o n s  are / l o 1  

regarded as f ree  masses. 

t a t i o n a l  r a d i a t i o n  i s  much g r e a t e r  than  t h e  frequency of r evo lu t ion  i n  o r b i t .  

The l a t t e r  is c o r r e c t  when t h e  frequency of g rav i -  
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In  t h e  case of  two h e l i o c e n t r i c  s t a t i o n s  at a d i s t a n c e  of  100 m i l l i o n  km, 

11 
t h e  g r a v i t a t i o n a l  r a d i a t i o n  of  t h e  s tar  i Bootes, i n  accordance wi th  (8.17),  

creates an amplitude of  p e r i o d i c  change i n  r e l a t i v e  v e l o c i t y  of  AV 2.5010- 

cm/sec. The measurement of  such r e l a t i v e  v e l o c i t i e s  i s  not  d i f f i c u l t  i n  t h e  

labora tory  f o r  two c l o s e l y  spaced bodies .  I t  i s  a s u b s t a n t i a l l y  more complex 

problem t o  measure t h e  p e r i o d i c  components of  r e l a t i v e  v e l o c i t i e s  f o r  bodies  

separa ted  by g r e a t  d i s t a n c e s .  

1 We no te  t h a t  t h e  a l r eady  a v a i l a b l e  method f o r  measuring t h e  v e l o c i t i e s  

of  s a t e l l i t e s  at  such d i s t a n c e s  makes it p o s s i b l e  t o  measure t h e  r e l a t i v e  

v e l o c i t i e s  with a met ro logic  (absolu te )  accuracy of  about 0 . 1  cm/sec ( f o r  

example, see d a t a  on Mariner I V  [71 ] ) .  
r e l a t i v e  amplitude o f  a narrow-band s i g n a l  (such as t h a t  of t h e  g r a v i t a t i o n a l  

r a d i a t i o n  of b ina ry  s t a r s )  i s  u s u a l l y  6 o r  7 o rde r s  of magnitude g r e a t e r  than  

t h e  accuracy i n  abso lu te  measurements of  t h i s  same parameter ,  even now, 

with t h e  a l ready  a t t a i n e d  r e s o l u t i o n ,  it would be  p o s s i b l e  t o  measure f luxes  

of  g r a v i t a t i o n a l  r a d i a t i o n  a t  t h e  l e v e l  t = erg/sec.cm2. Evident ly ,  

t h e r e  i s  no b a s i s  f o r  assuming t h e  a t t a i n e d  accuracy i n  r e l a t i v e  v e l o c i t y  

measurements t o  be  t h e  l i m i t .  

S ince t h e  accuracy i n  measuring t h e  

In  summarizing t h e s e  e s t ima tes ,  t h e  hypo the t i ca l  conclusion can be drawn 

t h a t  i n  space t h e r e  i s  real  hope f o r  ob ta in ing  an adequate response of  

quadrupole d e t e c t o r s  f o r  d i scove r ing  g r a v i t a t i o n a l  r a d i a t i o n  from e x t r a -  
t e r r e s t r i a l  sou rces .  The problem of  how g r e a t  a f l u c t u a t i o n  e f f e c t  i s  exer ted  

by t h e  s o l a r  wind and t h e  magnetic f i e l d  i n  t h e  s o l a r  system on t e s t  bodies  

r e q u i r e s  a d d i t i o n a l  experimental  i n v e s t i g a t i o n s .  

a v a i l a b l e  information on t h e  phys ica l  p r o p e r t i e s  of i n t e r p l a n e t a r y  plasma, 

some pre l iminary  e s t ima tes  can b e  made. 

of two h e l i o c e n t r i c  s t a t i o n s  i n  a wave g r a v i t a t i o n a l  f i e l d  of  a s tar ,  i n  

accordance with t h e  c i t e d  computations,  is  2.5*10-14 cm/sec2. 

d a t a  on t h e  s o l a r  wind c i t e d  i n  t h e  review, w e  can compute t h e  a c c e l e r a t i o n  

imparted t o  t h e  s t a t i o n  by t h e  flow of s o l a r  plasma a t  d i s t ances  o f  about 

200 m i l l i o n  km from t h e  sun.  I f  t h e  l lc ross  sec t ion"  of  t h e  s t a t i o n  i s  about 

l o 4  cm2,  and i t s  mass i s  3*105 g ,  t h e  a c c e l e r a t i o n  fa l ls  i n  t h e  range 

However, using a l ready  

The amplitude o f  r e l a t i v e  a c c e l e r a t i o n  

If  w e  u se  t h e  
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10-12--10-13 cm/sec2. 

wind f l u c t u a t i o n s  nea r  a frequency w = 

Unfortunately,  d a t a  on t h e  s p e c t r a l  d e n s i t y  of  s o l a r  

sec-l are p r e s e n t l y  unava i l ab le .  

We no te  i n  conclusion t h a t  massive p l ane ta ry  sa te l l i t es  a l s o  can create 

v a r i a b l e  acce le ra t ions  ( i n  t h e  nonwave zone) o f  h e l i o c e n t r i c  s t a t i o n s  wi th  a 

pe r iod  equal t o  t h e  pe r iod  of sa te l l i t e  r e v o l u t i o n  about t h e  p l a n e t .  If t h e  

s a t e l l i t e s  of Mars have a mass o f  about 109--1010 g,  a t  a d i s t a n c e  o f  100 

m i l l i o n  km from Mars a h e l i o c e n t r i c  s t a t i o n  w i l l  experience a c c e l e r a t i o n s  of  

approximately i d e n t i c a l  amplitude caused by t h e  s a t e l l i t e s  and t h e  r a d i a t i o n  

of i Bootes. However, wi th  r e s p e c t  t o  t h e  d iscovery  o f  g r a v i t a t i o n  r a d i a t i o n ,  

t h i s  circumstance w i l l  no t  be  important because t h e  i n t e r f e r e n c e  i s  determined 

by phase and frequency. 

Search f o r  Grav i t a t iona l  Radiat ion of  E x t r a t e r r e s t r i a l  .- _F? Origin -- 
One of t h e  few experimental  teams working on t h e  d e t e c t i o n  of g rav i -  

t a t i o n a l  r a d i a t i o n  i s  a group under Professor  J .  Weber (Universi ty  of  

Maryland). 

a d e t a i l e d  ana lys i s  of t h e  p o s s i b i l i t y  of l abora to ry  cons t ruc t ion  of a model 

of  a t r a n s m i t t e r  and d e t e c t o r  of  g r a v i t a t i o n a l  r a d i a t i o n  based on t h e  

mechanical o s c i l l a t i o n s  of extended masses. H i s  computations revea led  t h a t  

t h e  use  of mechanical o s c i l l a t i o n s  o f  extended masses leads  t o  excess ive ly  

l a r g e  experimental  scales ( l a r g e  t r a n s m i t t e r  and d e t e c t o r  masses, h igh  powers 

necessary f o r  e x c i t i n g  o s c i l l a t i o n s  i n  t h e  t r a n s m i t t e r ,  extremely long pe r iod  

f o r  d i sc r imina t ion  o f  s i g n a l  from n o i s e ) .  This team i s  now engaged i n  in t en -  

s i v e  e f f o r t s  t o  d e t e c t  g r a v i t a t i o n a l  r a d i a t i o n  of e x t r a t e r r e s t r i a l  o r i g i n  from 

some poss ib l e  hypo the t i ca l  sources  which i n  theory  can g ive  a considerably 

g r e a t e r  f l u x  d e n s i t y  of g r a v i t a t i o n a l  r a d i a t i o n  near  t h e  e a r t h  than  a labora-  

t o r y  source having any reasonable  s i z e .  

During 1959-1961, Professor  Weber [68] ( a l s o  see review [72]) made 

/ l o 3  - 

In  t h e  first v a r i a n t  of  t h e  d e t e c t o r  [73] developed by t h e  team l e d  by 

Professor  Weber, t h e  extended body employed was an aluminum cy l inde r  about 

150 cm i n  length ,  about 60 cm i n  diameter ,  and with a mass of about 1.5 ton .  

This cy l inde r  (Figure 22)  was suspended on t h i n  f i laments  t o  a frame c o n s i s t -  

ing of  s tee l  b locks  i n t e r l a i d  with rubber space r s  ( an t i s e i smic  f i l t e r ) .  

cy l inde r  and frame were placed i n  a vacuum chamber and t h e  e n t i r e  appara tus  

The 
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was p laced  ou t s ide  t h e  c i t y  l i m i t s ,  f a r  from i n d u s t r i a l  i n t e r f e r e n c e .  

t h e  lowest-frequency quadrupole type  of  cy l inde r  o s c i l l a t i o n s  i s  used i n  

d e t e c t i n g  g r a v i t a t i o n a l  r a d i a t i o n .  
q u a l i t y  is Q -N l o 5 ;  accordingly,  from t h e  e n t i r e  p o s s i b l e  spectrum of grav i -  

t a t i o n a l  waves t h e  apparatus  "cuts  out"  only a r e l a t i v e l y  narrow frequency 

band Au = 0 . 1  rad /sec  nea r  wo = l o 4  r ad / sec ,  provided t h e  time f o r  d i sc r imi -  

na t ing  t h e  o rde r  of  t h e  r e l a x a t i o n  time f o r  t h i s  type of o s c i l l a t i o n s  i s  about 

30 seconds.  

Only 

I t s  frequency is  w = l o 4  r ad / sec ,  and i t s  0 

St 
b l  

Quartz - Acoustic 

Rubber chamber 
spacers  

Acoustic 

Dewar inhuctance and h i  
v e s s e l  impedance ampl i f i  

gh- 
e r  

I 

Figure 22 

Quartz p i e z o e l e c t r i c  t r ansduce r s ,  glued on t h e  cy l inde r  su r face ,  make it 

p o s s i b l e  t o  convert  t h e  mechanical o s c i l l a t i o n s  of t h e  cy l inde r  i n t o  an 

e l e c t r i c  s i g n a l .  In  removing t h e  e l e c t r i c  s i g n a l  from t h e  senso r s ,  t h e  

matching problem a r i s e s ;  t h i s  was r a t h e r  complex: t h e  impedance of  t h e  qua r t z  / l o4  

p i e z o e l e c t r i c  t ransducers  glued t o  t h e  cy l inde r  was r e l a t i v e l y  high (about 
l o 9  ohms). 

superconductive inductance i n  t h e  resonance p reampl i f i e r .  As a r e s u l t ,  t h e  

response o f  t h e  g r a v i t a t i o n a l  d e t e c t o r  was l imi t ed  only by t h e  Brownian 

o s c i l l a t i o n s  of t h e  aluminum c y l i n d e r .  This means, f o r  example, t h a t  t h e  

minimum d e t e c t a b l e  amplitude of o s c i l l a t i o n s  of  t h e  cy l inde r  ends (during a 

t i m e  approximately equal  t o  t h e  r e l a x a t i o n  t ime) can b e  est imated from t h e  

condi t ion  

In  o rde r  t o  so lve  t h e  matching problem it was necessary t o  use  a 

91  



(8.18) 

- - 
a t  room temperature  

corresponds t o  r e l a t i v e  length  changes ( s t r a i n )  of  about 10' l6.  

such a device  i s  i n  theory  an instrument f o r  measuring mechanical stresses, 

not  displacements .  

6 2  2 2-10'14 cm, which wi th  a c y l i n d e r  length  of 150 c m  

We note  t h a t  

The c a l i b r a t i o n  of t h e  g r a v i t a t i o n a l  d e t e c t o r  was accomplished both 

us ing  a s tandard  no i se  source  and d i r e c t l y  by means of a dynamic g r a v i t a t i o n a l  

f i e l d .  The l a t t e r  c a l i b r a t i o n  v a r i a n t ,  c a r r i e d  out  by Sinsky and Weber [74] 

i s  e s s e n t i a l l y  a high-frequency v a r i a n t  of t h e  Cavendish experiment.  The 

dynamic g r a v i t a t i o n a l  f i e l d  was c rea t ed  by the  o s c i l l a t i o n s  of a second 

aluminum cy l inde r  o f  somewhat smal le r  s i z e  a t  a d i s t a n c e  o f  about 2 meters 

from t h e  main cy l inde r .  

corresponded t o  t h e  computed power, bu t  t h e  accuracy o f  such c a l i b r a t i o n  was 

low. 

The output  power of t h e  d e t e c t o r  approximately 

Both c a l i b r a t i o n  methods revealed t h a t  t h e  response corresponding t o  t h e  

minimum de tec t ab le  s t r a i n ,  computed using (8 .18) '  was a t t a i n e d .  The equiva- 

l e n t  "g rav i t a t iona l "  response can be determined us ing  t h e  expressions given 

by Weber i n  [ 7 3 ] ,  which re la te  t h e  s t r a i n s  appearing i n  an e l a s t i c  body with 

causing a c c e l e r a t i o n  of  d i f f e r e n t  p a r t s  t h e  Riemann t enso r  component R 

of  t h e  t es t  body r e l a t i v e  t o  one another .  In  a case when t h e  g r a v i t a t i o n a l  

f i e l d  changes s i n u s o i d a l l y  i n  time with a frequency co inc id ing  with t h e  

iO j0 '  

frequency of  t h e  lowest-frequency type of cy l inde r  o s c i l l a t i o n s ,  

io j 0  ' 

and the  

t h e  r e l a t i v e  

/ l o 5  

cy l inde r  i s  o r i en ted  i n  t h e  b e s t  poss ib l e  way r e l a t i v e  t o  R 
change i n  cy l inde r  length  is  

(8.19) 

where e i s  t h e  v e l o c i t y  of l i g h t  propagat ion,  Q i s  t h e  q u a l i t y  of t h e  type of 

o s c i l l a t i o n s .  S u b s t i t u t i n g  i n t o  (8.19) E = wo = l o 4  r ad / sec ,  Q = l o 5 ,  

= 2*10-34 cm-'. we ob ta in  R 
g r a v i t a t i o n a l  r a d i a t i o n  t = 2-10' erg/sec*cm2. 

This va lue  corresponds t o  a f l u x  dens i ty  of  iojo 
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A second v a r i a n t  of  a 

g r a v i t a t z o n a l  d e t e c t o r  devel-  

oped by t h e  group under 

P ro fes so r  J .  Weber i s  based 

on t h e  i d e a  of  us ing  t h e  
e a r t h  as an extended body. 

On t h e  one hand, t h i s  appears 
extremely e f f e c t i v e ,  s i n c e  t h e  

c ros s  s e c t i o n  o f  r a d i a t i o n  
absorp t ion  i s  p ropor t iona l  t o  

Figure 23.  t h e  d e t e c t o r  mass; on t h e  

o t h e r  hand, such a v a r i a n t  

excludes,  under terrestr ia l  cond i t ions ,  t h e  p o s s i b i l i t y  of  u s ing  a co inc i -  

dences c i r c u i t .  The most low-frequency quadrupole type  of t e r res t r ia l  

o s c i l l a t i o n s  has  a pe r iod  of about 54 minutes and a q u a l i t y  about 400. A 

h i g h l y  s e n s i t i v e  gravimeter  [75] (Figure 23) was c rea t ed  a t  t h i s  frequency; 

it made it p o s s i b l e  t o  r e g i s t e r  v a r i a t i o n s  i n  t h e  a c c e l e r a t i o n  o f  g r a v i t y  g 

exceeding t h e  l e v e l  Ag/g 2 The r e s u l t s  of s tudy  of t h e  e a r t h ' s  no i se  

background during t h e  q u i e t e s t  pe r iod  ( i n  se i smic  r e s p e c t s )  f o r  t h e  s p e c t r a l  

dens i ty  of a c c e l e r a t i o n s  near  t h e  frequency w = 

m2 = 6 . 9 0 1 0 - l ~  ga12-sec / rad  [75] .  

mathematical express ion  [75]  r e l a t i n g  [Ag(w)] with t h e  s p e c t r a l  dens i ty  of 

t h e  Riemann t e n s o r  enabled Weber t o  decrease somewhat t h e  e s t ima te  for t h e  
upper boundary of  t h e  cosmic background of g r a v i t a t i o n a l  r a d i a t i o n  ( i n  t h e  

reg ion  of  f requencies  w = l o v 3  r ad / sec ) :  [R(w) I2  < 6 0 1 0 - ~ ~  ~ m - ~ * r a d - l * s e c ;  

t h e  e a r l i e r  e s t ima te  [68] was 3 or 4 orde r s  of magnitude g r e a t e r .  The value  

o f  t h i s  e s t ima te  i s  r e l a t ive  because i t s  corresponding energy d e n s i t y  nea r  t h e  

considered frequency must b e  t = 10 erg/sec*cm2, whereas b i n a r i e s  i n  t h i s  same 

frequency range create a d e n s i t y  of  g r a v i t a t i o n a l  r a d i a t i o n  t 
erg/sec*cm2 (see  above). 

rad /sec  gave 

Comparison of  t h i s  va lue  with t h e  

10-9--10-11 

This v a r i a n t  of a d e t e c t o r  of t h e  g rav ime t r i c  t ype  w i l l  undoubtedly become 

more promising i f  it can b e  used i n  a coincidence c i r c u i t ,  f o r  example, 
having one d e t e c t o r  each on t h e  e a r t h  and on t h e  moon, as is planned by 
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t h e  Maryland group i n  t h e  next  f e w  yea r s  [75]. 
experiment with a coincidence c i r c u i t  with d e t e c t o r s  o f  t h e  first type  i s  
be ing  conducted by Weber. 

A t  t h e  p re sen t  time an 

The i d e a  of  a coincidence c i r c u i t  [76] involves  t h e  simultaneous use  of  

two d e t e c t o r s  which are sepa ra t ed  by some d i s t ance .  

p o s s i b l e  t o  d i sc r imina te  " g r a v i t a t i o n a l  b u r s t s "  a g a i n s t  a background of  

i n t e r n a l  f l u c t u a t i o n s .  In  a c t u a l i t y ,  i n  t h i s  c i r c u i t  g r a v i t a t i o n a l  r a d i a t i o n  

l eads  t o  c o r r e l a t e d  readings  at t h e  outputs  of both systems (due t o  t h e  l a r g e  

e t h e  wavelength is a l s o  l a r g e ) ,  whereas i n t e r n a l  thermal f l u c t u a t i o n s  cannot 

have such a c o r r e l a t i o n .  

This  method makes it 

Detectors  of t h e  f irst  type ,  placed i n  concre te  chambers a t  a d i s t a n c e  

l o 3  km a p a r t  [76], were used i n  t h e  experiment.  

parameters descr ibed  above; t h e  o the r  was smaller ( t h e  l eng th  was t h e  same, 

bu t  t h e  diameter  was about 20 cm) and was suppl ied  wi th  a somewhat d i f f e r e n t  

e l e c t r o n i c  system, having a wider band, with a r e a d j u s t a b l e  c e n t r a l  frequency. 

In  add i t ion ,  instruments  were placed on t h e  d e t e c t o r  p la t forms  f o r  checking 

t h e  f o r c e  e f f e c t s  of nongrav i t a t iona l  na ture ;  seismographs, magnetometers, / l o 7  

a c o u s t i c  pickups,  and t i l t m e t e r s  were used. 

t h e  experimental  o u t f i t .  The vol tages  from t h e  p i e z o e l e c t r i c  t ransducers  a r e  

f ed  t o  threshold  d e t e c t o r s  which are t r i g g e r e d  by s i g n a l s  exceeding a c e r t a i n  

l e v e l  se t  by t h e  experimenter .  

c i r c u i t ;  t h e  l a t t e r  produces a s i g n a l  i f  t h e  pu l ses  a r r i v i n g  from both 

channels coincide i n  time. The t ime r e s o l u t i o n  T i n  t h e  first experiments 

was low, about 30 s e c ,  bu t  t h i s  was l a t e r  brought t o  about 0 .2  s ec ,  i . e . ,  t h e  

pu l ses  were de t ec t ed  by t h e  c i r c u i t  as co inc id ing  pu l ses  i f  t h e i r  l ead ing  

edges were d isp laced  i n  time by no t  more than  T = 0 . 2  s e c .  

One d e t e c t o r  had t h e  

Figure 24 shows a block diagram of 

The shaped pu l ses  are f e d  t o  a coincidence 

res 

res 
Measurements with t h e  coincidence c i r c u i t  were made f o r  s e v e r a l  months. 

Several  cases  were recorded of  coincidences of pu l se s  exceeding t h e  th re sho ld  

l e v e l  (approximately one p e r  month). 

t han  t h e  mean no i se  l e v e l  t h a t  t h e  p r o b a b i l i t y  of random coincidences f o r  some 

cases was n e g l i g i b l e  ( l e s s  than  0.0001) .  

t o  t h e  au thor  t h e  cases of  coincidences were not  accompanied by c o r r e l a t e d  

b u r s t s  on t h e  o t h e r  con t ro l  ins t ruments .  On t h e  b a s i s  of t h e  exceedingly 

The th re sho ld  l e v e l  was so  much h igher  

I t  i s  very  important t h a t  according 

- / l o 8  
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small p r o b a b i l i t y  of random coincidences,  Weber r e j e c t s  pu re ly  s t a t i s t i c a l  

reasons and feels t h a t  some rare synchronous e f f e c t  was r e g i s t e r e d  by t h e  

d e t e c t o r s ,  which, gene ra l ly  speaking, can be caused by g r a v i t a t i o n a l  
r a d i a t i o n  ( I  ) . 

F ir s t d e t e c t  o r  Second d e t e c t o r  
c=l L -2" - m-- 3 I ?-- Amplifier 3 

I v u  

Amp 1 i f  i er  

pu l ses  I 
Figure 24 

In o rde r  t o  eva lua te  t h e  r e s u l t s  b e t t e r ,  we w i l l  once again r e t u r n  t o  t h e  

response of t h e  Weber g r a v i t a t i o n a l  d e t e c t o r .  We w i l l  examine a s i m p l i f i e d  

model o f  a g r a v i t a t i o n a l  quadrupole i n  t h e  form o f  two spaced masses connected 

F', t, e t c .  co inc ide  i n  o rde r  by a s p r i n g .  

of magnitude with t h e  s imilar  r e l a t i o n s h i p s  f o r  t h e  case  of  an extended mass, 

d i f f e r i n g  only by i n s i g n i f i c a n t  f a c t o r s .  

iOj0' The r e l a t i o n s h i p  between R 

The response of t h e  Weber d e t e c t o r  was l imi t ed  by thermal f l u c t u a t i o n s ;  

t h e s e  are descr ibed  by t h e  Nyquist theorem: 

I:'; 4 x T I f A j ,  

where 

t h e  r e c e i v e r ,  H i s  t h e  f r i c t i o n  c o e f f i c i e n t ,  r e l a t e d  t o  t h e  q u a l i t y  and masses 
e n t e r i n g  t h e  d e t e c t o r :  

i n t o  (8.13),  i n  p l a c e  of F w e  o b t a i n  an express ion  f o r  t h e  m i n i m u m  f l u x  

i s  t h e  mean square  f l u c t u a t i o n  f o r c e ,  Af i s  t h e  frequency band f o r  

H = mu &-l. 

f Z  

S u b s t i t u t i n g  t h e  f l u c t u a t i o n  f o r c e  0 

gr 
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d e t e c t a b l e  under t h e s e  condi t ions :  t m i n  

(8.20) 

Taking i n t o  account t h e  parameters  of  t h i s  o u t f i t :  wo = l o 4  r ad / sec ,  &I = l o 5 ,  
T = 300QK, equiva len t  mass m equiv 

t m i n  

5*105 g and length  Zequiv = l o 2  cm, f o r  
w e  ob ta in  

2 fminz: G .  I W A j  --_efg- 
sec cm (8.21) 

The r e c e i v e r  band i n  t h e  descr ibed  experiment was e n t i r e l y  determined by t h e  

coincidences c i r c u i t :  d i f f e r e n t  pu l se s  s h o r t e r  than  0 .2  s e c  were not  de t ec t ed  

by th9  c i r c u i t ,  and t h e r e f o r e  t h e  equiva len t  band was about 5 cps .  Accord- 

i ng ly ,  t h e  absolu te  response was a t  t h e  l e v e l  t = 3*106 erg/sec-cm2.  

i n t o  account t h a t  c o r r e l a t e d  b u r s t s  were observed when t h e  th re sho ld  l e v e l  

was on t h e  average approximately 10 times h ighe r  than  t h e  no i se  l e v e l ,  it must 

be assumed t h a t  t h e  b u r s t s  corresponded t o  a f l u x  t = 3*107 erg/sec*cm2 

(Weber g ives  t = Z*104 erg/sec*cm2 [73], which corresponds t o  a threshold  

response of a d e t e c t o r  with a band Aw = 0 . 1  r ad / sec ,  which i n  t h i s  expe r i -  

mental system i s  no t  de te rmining) .  

an extremely high va lue .  

t h e  e a r t h ' s  su r f ace  could be  only from extremely e x o t i c  sou rces ,  such as a 

b inary  neutron star o r  an asymmetrically co l l aps ing  s t a r  [58, 611, s i t u a t e d  

a t  a d i s t ance  not  exceeding 1,000 l i g h t  years  from t h e  e a r t h .  These es t imates  

show t h a t  t h e  response i n  t h e  descr ibed  g r a v i t a t i o n a l  d e t e c t o r s  i s  s u b s t a n t i a l -  

l y  l e s s  than t h a t  which can be a t t a i n e d .  

Taking 

A f l u x  d e n s i t y  -L = 3 0 1 0 ~  erg/sec*cm2 i s  

Such a f l u x  dens i ty  f o r  g r a v i t a t i o n a l  r a d i a t i o n  a t  

§ 9.  Grav i t a t iopa l  R e l a t i v i s t i c  E f fec t s  i n  t h e  Nonwave Zone - -  - - _ -  -- 

The d e s i r a b i l i t y  o f  ca r ry ing  out  r e l a t i v i s t i c  g r a v i t a t i o n a l  experiments 

i n  t h e  nonwave zoqe i s  beyond ques t ion .  

new phys ica l  information t h e s e  experiments a r e  ev iden t ly  l e s s  i n t e r e s t i n g  than  

at tempts  t o  d e t e c t  g r a v i t a t i o n a l  r a d i a t i o n  of  e x t r a t e r r e s t r i a l  o r i g i n ,  which, 

i n  adgi r ipn  t o  r evea l ing  t h e  ex i s t ence  o f  t h i s  r a d i a t i o n ,  would provide a new 

soprce of as t rophys ica l  information.  

However, with r e s p e c t  t o  ob ta in ing  
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i G rav i t a t iona l  

schemat ica l ly  i n t o  

magnetic r a d i a t i o n  

effects i n  t h e  nonwave zone can be  c l a s s i f i e d  somewhat 

t h r e e  groups: effects of i n t e r a c t i o n  between e l e c t r o -  

and t h e  g r a v i t y  f i e l d ,  nonl inear  i n t e r a c t i o n  of g rav i -  

t a t i o n a l  masses, and q f f e c t s  caused by t h e  r e l a t i v e  motion of  g r a v i t a t i o n a l  

masses. The execut ion o f  experiments p e r t a i n i n g  t o  t h e  first group o f  

effects involves  a method which is  beyond t h e  scope of  t h i s  monograph. 

Fur ther  d e t a i l s  concerning proposed and a c t u a l l y  implemented experiments 

r e l a t e d  t o  t h e  f i rs t  group of effects can be  found i n  t h e  review [77].  
d e t e c t i o n  of  effects  from t h e  o t h e r  two groups can be reduced t o  t h e  de t ec t ion  

of small f o r c e s  o r  moments of  f o r c e s  a c t i n g  on t e s t  bod ies .  Below w e  g ive  

estimates of t h e  magnitudes of  t h e s e  effects and d i scyss  t h e  p o s s i b i l i t y  of 
t h e i r  observa t ion  from t h e  p o i n t  of view of l i m i t i n g  r e l a t i o n s h i p s  i n  t h e  

optimum s t r a t e g y  of  measurements descr ibed  i n  Chapter 11. 

A c h a r a c t e r i s t i c  

Even i n  t h e  

The 

Nonlinear - i n t e r a c t i o n s  of g r a v i t a t i o n a l  masses. 
proper ty  of t h e  E ins t e in  equat ions i s  t h e i r  n o n l i n e a r i t y .  

approximation of a weak f i e l d ,  t h e  Lagrange func t ion  f o r  n g r a v i t a t i n g  masses 

[54 ]  conta ins  a term desc r ib ing  t h e  nonl inear  i n t e r a c t i o n  

where y i s  

Using 
a t t r a c t i o n  

mass m2 a t  

t h e  g r a v i t a t i o n a l  cons tan t ,  e i s  t h e  speed o f  l i g h t .  

t hese  express ions ,  it is  easy t o  estimate t h e  change i n  t h e  

of t h e  mass ml t o  t h e  e a r t h ' s  mass M i f  t h e r e  i s  s t i l l  another  
3 d i s t a n c e  r from m - 1 2  1'  

In formula 

mation) a t  

( 9 . 2 )  g i s  t h e  a c c e l e r a t i o n  due t o  f r e e  f a l l  ( i n  a l i n e a r  approxi- 

a d i s t a n c e  R from t h e  c e n t e r  o f  t h e  e a r t h .  If it is,assumed 

t h a t  ml = m2 = l o 4  g ,  p12 = 10 cm, then  AFnonZin = 3.5-10-19 dyne. 

l i m i t i n g  formula f o r  t h e  minimum d e t e c t a b l e  f o r c e  (3.17) wi th  t h e  optimum 

s t r a t e g y  of measurements f o r  m 
s t r e n g t h  i n  which y 

Using t h e  

- l o 4  g and assuming i n  (3.17) t h e  o s c i l l a t o r  1 -  
e n t e r s  t o  be  equal  t o  umech = s e c - l ,  w e  f i n d  t h a t  

1 
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t h e  necessary time f o r  d e t e c t i o n  of  AF i s  = 3*105 s e c .  We no te  

t h a t  t h e  r a t i o  of t h e  f o r c e  AFnonZin t o  t h e  f o r c e  of  Newtonian a t t r a c t i o n  under 

t h e s e  condi t ions  i s  an extremely small va lue  

nontin 

This means t h a t  when ca r ry ing  ou t  an experiment i n  which an attempt i s  

made t o  d e t e c t  AFnonZin, t h e  l e v e l  of  compensation f o r  p a r a s i t i c  e f f e c t s  

with t h a t  given i n  5 8 f o r  an optimum d e t e c t o r ,  designed f o r  t h e  recept ion  o f  

r a d i a t i o n  from c lose  b i n a r i e s ,  it can be concluded t h a t  i n  t h e  case of small  

experimental  s c a l e s  it i s  approximately as d i f f i c u l t  t o  d e t e c t  t h e  nonl inear  

i n t e r a c t i o n  of  t h r e e  masses as it i s  t o  d e t e c t  g r a v i t a t i o n a l  r a d i a t i o n .  

( r e l a t i v e  t o  AFnonZin) must be  extremely h igh .  If  w e  compare t h i s  es t imate  /111 

R e l a t i v i s t i c  g r a v i t a t i o n a l  i n t e r a c t i o n  O f  moving masses. -~ - .  - . . .  - The r e l a t i v -  

i s t i c  g r a v i t a t i o n a l  i n t e r a c t i o n  of moving masses i s  similar t o  t h e  i n t e r -  

a c t i o n  of moving e l e c t r i c  charges ( i n t e r a c t i o n  of c u r r e n t s ) .  This i n t e r -  

a c t i o n  i s  sometimes c a l l e d  p r o r o t a t i o n a l .  

a t t r a c t i o n  between two d i s k s  with t h e  masses m and m caused by t h e i r  

r o t a t i o n ,  i s  

The a d d i t i o n  AFprorot t o  Newtonian 

1 2 '  

The r a t i o  prorot ??(,,'! ?'? 
,., ---- rv- G -- 1: - ' -. . 

New 

with v = 3*104 cm/sec i s  equal i n  o rde r  of magnitude t o  1-10-12 ,  i . e . ,  i s  

s u b s t a n t i a l l y  g r e a t e r  than  AFnonZin/FNew. 

simpler  t o  d e t e c t  t h i s  e f f e c t  than  t o  d e t e c t  t he  non l inea r  i n t e r a c t i o n  of 

g r a v i t a t i o n a l  masses. S c h i f f ,  E v e r i t t  and Fairbank a r e  now car ry ing  out an 

experiment [78, 791 i n  which t h e  observa t ion  o f  t h e  d iscussed  e f f e c t  i s  

reduced t o  t h e  observa t ion  of precess ion  f o r  a gyroscope i n s t a l l e d  on an 

a r t i f i c i a l  e a r t h  s a t e l l i t e .  I f  t h e  s a t e l l i t e  o r b i t  i s  800 km from t h e  e a r t h ' s  

Accordingly,  it i s  considerably 
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su r face  and i n  a p o l a r  o r b i t ,  as a r e s u l t  of 

a x i s  w i l l  be d i sp l aced  by 7 seconds of angle  

s a t e l l i t e  o r b i t a l  motion i t s  

each y e a r ,  and due t o  t h e  

e a r t h ' s  r o t a t i o n ,  by an a d d i t i o n a l  0.05 second o f  angle  each yea r .  The 

d i f f i c u l t i e s  i n  execut ing t h i s  experiment a r e  reduced e s s e n t i a l l y  t o  c r e a t i n g  

a s u f f i c i e n t l y  s t a b l e  i n d i c a t o r  for t h e  r o t a t i o n  of t h e  gyroscope a x i s  which 

would make it p o s s i b l e  t o  implement remote measurements with an accuracy t o  

about 0 .01 second o f  angle  each year  (or  0.001 second of  angle  p e r  month). 

I t  is  i n t e r e s t i n g  t o  no te  t h a t  t h i s  e f f e c t  ( a f t e r  i t s  discovery and /112 

"mastery") must be taken i n t o  account i n  c r e a t i n g  h igh ly  p r e c i s e  space 

naviga t ion  systems. 

§ 10. Experiments With Tes t  Bodies and Search f o r  New P rope r t i e s  o f  
Elementary P a r t i c l e s  

------ ----- 
Most d e t e c t o r s  f o r  i nd iv idua l  nuc lea r  r e a c t i o n s  and d e t e c t o r s  f o r  high-  

energy elementary p a r t i c l e s  are ,  t o  use  t h e  expression employed by D .  I .  

Blokhintsev i n  [30] ,  " v i r t u a l l y  uns t ab le  systems". 

In  § 4 we a l r eady  poin ted  out  t h a t  macroscopic o s c i l l a t o r s  with a small 

f r i c t i o n  c o e f f i c i e n t  a l s o  can be  employed i n  r e g i s t e r i n g  high-energy elementary 

p a r t i c l e s .  

t h e o r e t i c a l l y  a t t a i n a b l e  response i n  two r e c e n t l y  proposed macroscopic 

experiments:  an experiment f o r  t h e  d e t e c t i o n  of t h e  e l e c t r i c  d i p o l e  moment of 

e l e c t r o n s  and an experiment f o r  d e t e c t i n g  rare  r e l i c t  quarks with whole 

e lec t r ic  'charges.  

In t h i s  s e c t i o n  we w i l l  b r i e f l y  d i scuss  an eva lua t ion  of  t h e  

Macroscopic experiments for ___ determining t h e  d i p o l e  moment of  an e l e c t r o n .  
.. - 

The problem of t h e  presence of e l e c t r i c  d ipo le  moments i n  elementary p a r t i c l e s  

has r e c e n t l y  acquired a t imely  n a t u r e  due t o  t h e  discovery of  an apparent 

depar ture  from 2'-invariance i n  some processes  of  t h e  decay of  n e u t r a l  
K-mesons (see review [80] ) .  

I t  fol lows from va r ious  t h e o r e t i c a l  premises t h a t  t h e  e l e c t r i c  d i p o l e  

moment of an e l e c t r o n  d 
t h e  e l e c t r o n  charge) .  V.  K .  Ignatovich [81] (see a l s o  t h e  review [80]) pro-  

posed a macroscopic experiment f o r  d e t e c t i n g  t h e  e l e c t r i c  d i p o l e  momenh of  

atoms. The e l e c t r i c  d i p o l e  moments of  atoms i n  a n o n r e l a t i v i s t i c  

fa l l s  i n  t h e  range d = 10-23-10-25 e-cm (where e i s  e e 
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approximation (Schiff  [82]) are equal  t o  zero when t h e  e l e c t r o n s  have 

e lec t r ic  d ipo le  moments. However, r e l a t i v i s t i c  effects must l ead  t o  an 

i n t e n s i f i c a t i o n  o f  t h e  e l ec t r i c  d ipo le  moments (Sandars '[83]) . 
f o r  a l k a l i  atoms i n  t h e  lower p a r t  of t h e  Mendeleyev t a b l e  of elements,  t h e  

e f f e c t i v e  d ipo le  moment of  an atom d 

t h e  d i p o l e  moment of  an e l e c t r o n  d e .  

substance with t h e  number n o f  atoms i n  a u n i t  volume. 

t h i s  case w i l l  be  completely o r i e n t e d  and i f  t h e  e l e c t r o n s  of t h e s e  atoms have 

e lec t r ic  d ipo le  moments t h e r e  w i l l  be p o l a r i z a t i o n  of  t h e  e l ec t r i c  sample 

P = n d  

E = ~ ~ T P E - ~ ,  where E i s  t h e  d i e l e c t r i c  cons tan t  of t h e  medium. 

t o  determine d by measuring t h e  s t r e n g t h  E of t h i s  f i e l d .  When d = 

For example, 

must exceed by 2 orde r s  of  magnitude /113 eff 
V .  K .  Ignatovich has  proposed t h a t  

be determined by magnetizing t o  s a t u r a t i o n  a nonconducting ferromagnet ic  dm 
The atomic sp ins  i n  

This p o l a r i z a t i o n  corresponds t o  an e l e c t r i c  f i e l d  s t r e n g t h  
eff - 

I t  i s  poss ib l e  

eff eff 
e-cm, n = ~ m - ~ ,  E = 2 ,  t h e  e l e c t r i c  f i e l d  s t r e n g t h  a r i s i n g  due t o  

such e l e c t r i c  d i p o l e  moments w i l l  be  Ed Q V - c m .  

Now we w i l l  e s t ima te  t h e  t h e o r e t i c a l l y  a t t a i n a b l e  response i n  such an 

experiment from t h e  p o i n t  of view of  t h e  l i m i t a t i o n s  set  f o r t h  i n  Chapter 11. 

We w i l l  assume t h a t  t h e  sample of ferromagnet ic  m a t e r i a l  has  t h e  conf igura t ion  

of  a sphere with t h e  d e n s i t y  p and t h e  r ad ius  R. 
on a f i n e  f i lament  i n  such a way t h a t  t h e  magnetic f i e l d  d i r e c t i o n  i s  perpen- 

d i c u l a r  t o  t h e  f i l amen t ,  and i n  add i t ion  t o  t h e  magnetic f i e l d  t h e r e  i s  a 

superposed e l e c t r i c  f i e l d  Eo perpendicular  t o  t h e  magnetic f i e l d  and f i lament ,  

t h e  sphere will be ac ted  upon by t h e  moment of f o r c e s  Mom F, which can swing 

such a t o r s i o n a l  o s c i l l a t o r .  The moment of fo rces  can vary i n  rhythm with t h e  

o s c i l l a t o r  o s c i l l a t i o n s ,  changing e i t h e r  t h e  e l e c t r i c  E o r  magnetic f i e l d .  

The amplitude of  t h e  moment of f o r c e s  i s  

If  t h e  sphere  i s  suspended 

where E i s  t h e  amplitude of t h e  superposed e x t e r n a l  e l e c t r i c  f i e l d .  If  it is 

assumed t h a t  we can reduce t h e  f r i c t i o n  i n  t h e  f i lament  ( i n  t h e  suspension) 

t o  such a va lue  a t  which t h e  minimum torque i s  determined by t h e  f l u c t u a t i o n  

e f f e c t  i n  t h e  o p t i c a l  i n d i c a t o r  of small angular  r o t a t i o n s ,  then  

0 
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Expression (10.1) fo l lows  from formula (3.25),  i n  which t h e  [Mom F ]  value  has  1 been s u b s t i t u t e d  i n  p l a c e  of  t h e  minimum d e t e c t a b l e  moment of fo rces .  On t h e  

1 
j 

r ight-hand s i d e  of (10.1) 5 i s  a numerical f a c t o r  of  t h e  o rde r  of  s e v e r a l  

u n i t s ,  determined by t h e  s e l e c t e d  l e v e l  of d e t e c t i o n  r e l i a b i l i t y ,  Q is t h e  

du ra t ion  of  t h e  s i n u s o i d a l  t r a i n  during which t h e  o s c i l l a t o r  sways, k i s  t h e  
Planck cons tan t ,  umech is  t h e  frequency of t o r s i o n a l  o s c i l l a t i o n s ,  I i s  t h e  

moment of i n e r t i a  o f  t h e  suspended sample, A '  i s  a numerical  f a c t o r  cha rac t e r -  

i z i n g  t h e  statist ics of  f l u c t u a t i o n s  i n  t h e  o p t i c a l  source  present  i n  t h e  

i n d i c a t o r  o f  t o r s i o n a l  o s c i l l a t i o n s  ( f o r  independent ly  emi t t i ng  photons A '  = 

1 ) .  Expression (10.1) , l i k e  (3 .25) ,  i s  c o r r e c t  i n  t h e  case of an optimum 
measurement s t r a t e g y .  

/114 
I 

If we s u b s t i t u t e  i n t o  (10.1) R = 1 cm, n = ~ m - ~ ,  Eo = l o 2  CGSE, 

s ec - l ,  A' = 10 and I = 8 g*cm2 (which co r re s -  mech 5 = 2 ,  ? = i o 4  s e c ,  w 

ponds t o  p = 5 g ~ c m - ~ ) ,  w e  ob ta in  

(10.2) 

If it i s  taken i n t o  account t h a t  t h e  rea l  a t t a i n a b l e  response i n  exper i -  

ments with t e s t  bodies  i s  approximately 7 o rde r s  of magnitude poorer ,  t h e  

va lue  e n t i r e l y  a t t a i n a b l e  with present-day experimental  equipment i s  

= 2*10-25 e-cm. This i s  approximately 2 o rde r s  of magnitude b e t t e r  than  dm 
a t t a i n e d  a t  t h e  p re sen t  t i m e  i n  o t h e r  methods (see review [ 8 0 ] ) .  

Macroscopic experiment f o r  f ind ing  r a r e  r e l i c t  . quarks . . ~ .  with . whole e l e c t r i c  . - . . . . . . . . - . . . . . ._ . . . . . . . . . - - . - . . . 

charges.  

[43, 441 concerning t h e  ex i s t ence  of quarks ,  whose e l e c t r i c  charge should b e  
k 1/3 and 2 2/3 t h e  charge of an e l e c t r o n ,  s e v e r a l  competing hypotheses 
appeared i n  which it was pos tu l a t ed  t h a t  quarks should have a whole ( r e l a t i v e  

t o  t h e  e l ec t ron )  e l e c t r i c  charge.  

Following formulat ion of t h e  hypothesis  by Gell-Mann and Zweig 
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According t o  one o f  t h e s e  hypotheses (A. D .  Sakharov [84]), r e l i c t  

quarks are accumulated a t  t h e  c e n t e r  of  massive stars and p l a n e t s ,  experienc-  

i ng  only e l a s t i c  s c a t t e r i n g  on t h e  n u c l e i ;  t h e i r  temperature  corresponds t o  

t h e  temperature  o f  t h e  ambient medium (a the rma l i za t ion  o f  t h e  quarks should 

occur) .  Thei r  thermal d i s t r i b u t i o n  by dens i ty  from t h e  c e n t e r  of stars and 

p l a n e t s  t o  t h e  per iphery  should lead  t o  t h e  following: n e a r  t h e  s u r f a c e  t h e r e  

f a l l  i n  t h e  range from 1 cm-3 t o  l o 6  ~ m - ~ ;  t h e  c ros s  s e c t i o n  of  e l a s t i c  

s c a t t e r i n g  f o r  such quarks on n u c l e i  should be about 

should b e  about 13  pro ton  masses [84]. 

should be a nonzero quark concent ra t ion  n Near t h e  e a r t h ' s  su r f ace  n can /115 
q' 9 

cm2 and t h e  mass 

A. D. Sakharov proposed a macroscopic experiment f o r  f i n d i n g  such 

r e l i c t  quarks under t e r r e s t r i a l  labora tory  cond i t ions .  The essence of  t h i s  

experiment was as fo l lows:  a massive t o r s i o n a l  pendulum with axial  symmetry 

on a t o r s i o n  suspension i s  surrounded by a coax ia l ly  th ick-wal led  cy l inde r  

which can b e  brought i n t o  r o t a t i o n .  The dimensions of t h e  pendulum and t h e  

th i ckness  o f  t h e  cy l inde r  are such t h a t  quarks i n c i d e n t  on t h e  pendulum, 

pass ing  through t h e  cy l inde r  and pendulum, experience a t  least  one c o l l i s i o n .  

Thus, t h e  cy l inde r  r o t a t i o n  modulates t h e  thermal v e l o c i t i e s  of  quarks and 

imparts  a torque  t o  t h e  pendulum. 

and then  i n  t h e  o t h e r ,  t h e  pendulum can sway i n  rhythm. I t  i s  easy t o  

estimate t h e  amplitude of t h e  torque  [Mom F] which can be  obtained i n  such an 

experiment : 

Swaying t h e  cy l inde r  f i rs t  i n  one d i r e c t i o n  

(10.3) 

Here i n  (10.3) u0 i s  t h e  amplitude of t h e  r a t e  of  cy l inde r  r o t a t i o n ,  

R i s  t h e  pendulum r a d i u s ,  equal  t o  i t s  h e i g h t ,  K is  t h e  Boltzmann cons tan t ,  

m i s  pro ton  mass ( t h e  quark mass i s  m = 13 m ) .  The R value  must be 

s u f f i c i e n t l y  l a r g e  i n  o r d e r  t h a t  t h e r e  w i l l  be  an average o f  one quark 

c o l l i s i o n  with t h e  pendulum n u c l e i .  I t  i s  p o s s i b l e  t o  avoid entrainment of  

t h e  pendulum by t h e  gas during cy l inde r  r o t a t i o n  i f  t hey  are separa ted  by  a 

f i x e d  b a r r i e r  which i s  q u i t e  t h i n  and t r anspa ren t  f o r  t h e  thermal f l u x  o f  

quarks ,  

P 4 P 
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i i By equat ing (10.3) t o  t h e  amplitude o f  t h e  minimum d e t e c t a b l e  moment of  

; fo rces  (3.25) with an optimum measurement s t r a t e g y ,  it i s  p o s s i b l e  t o  estimate 
1 t h e  th re sho ld  va lue  n 

I ment. 

1 assuming i n  (3.25) t h a t  umech= 
I 1 ob ta in  n 4 i assumed t o  be p = 5 g/cm3. 

1 bodies  i s  approximately 7 o rde r s  of magnitude poorer ,  under present-day 

I l abo ra to ry  condi t ions  i t  would be  p o s s i b l e  t o  expect a response i n  such an /116 

which i n  theory  can be  de t ec t ed  i n  such an exper i -  
I 4 

Assuming i n  (10.3) t h a t  R = 30 c m ,  z, - 3*103 cm/sec, T = 300°K and 

= l o 4  sec, 5 = 2 ,  A' = 10, w e  

= Z ~ l o - ~  ~ m - ~ ,  provided t h a t  t h e  dens i ty  o f  pendulum material i s  

0 -  
s e c - l ,  

Since t h e  r e a l  response i n  experiments with t es t  

I experiment with a corresponding concent ra t ion  n l o 3  ~ m - ~ .  
9 

As i n  t h e  case with t h e  e l e c t r i c  d i p o l e  moment of  e l e c t r o n s ,  w e  w i l l  n o t  
d i scuss  t h e  d e t a i l e d  requirements f o r  equipment i n  such experiments and w i l l  

not  examine t h e  necessary  con t ro l  experiments,  s i n c e  t h i s  i s  beyond t h e  scope 

of t h i s  book. 

Summarizing t h e  material examined i n  Chapter I V ,  it can be  concluded t h a t  

experiments with t e s t  bodies  unquest ionably have s u b s t a n t i a l  advantages i n  a 

g r e a t  number of i n v e s t i g a t i o n s .  The au thor  has not  attempted t o  cover a l l  

poss ib l e  f i e l d s  of a p p l i c a b i l i t y  o f  experiments i n  which t h e  d e t e c t i o n  of  a 

phys ica l  e f f e c t  i s  e s s e n t i a l l y  reduced t o  t h e  de t ec t ion  of a small f o r c e  o r  

moment of f o r c e s .  

regarded as i l l u s t r a t i o n s  and eva lua t ions  of t h e  a t t a i n a b l e  response i n  those  

experiments i n  which fundamental phys ica l  problems can be  so lved .  

The examples given i n  Chapter I V  should i n s t e a d  b e  
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APPEND I X /117 

5 11. Methods f o r  Measuring Small Mechanical O s c i l l a t i o n s  

Radio engineer ing methods. Radio engineer ing methods, making it p o s s i b l e  

t o  measure small mechanical displacements and mechanical o s c i l l a t i o n s ,  are 
very r e a d i l y  employable under ord inary  l abora to ry  condi t ions  and make i t  

p o s s i b l e  t o  ob ta in  a high ' response.  

placements with c a p a c i t i v e  t r ansduce r s  it i s  p o s s i b l e  t o  r e g i s t e r  d i sp l ace -  

ments of Ax = cm [85];  measurement of small inechanical o s c i l l a t i o n s  of 

s o n i c  f requencies ,  a l s o  by capac i t i ve  t r ansduce r s ,  makes p o s s i b l e  t h e  

r e l i a b l e  d i sc r imina t ion  of an amplitude of o s c i l l a t i o n s  xo = 6d10-13 c m  f o r  a 

t ime of s i g n a l  d i sc r imina t ion  from no i se  of about 200 sec. I t  is  c l e a r  t h a t  

t h e  l i m i t i n g  response i n  measuring q u a s i s t a t i c  displacements  i s  determined 

f o r  t h e  most p a r t  by t h e  ex ten t  t o  which it is  p o s s i b l e  dur ing  t h e  experiment 

t o  thermostab i l ize  t h e  ins t rumenta t ion ,  and e s p e c i a l l y  t h e  mechanical o b j e c t s  

whose re la t ive  displacement i s  under i n v e s t i g a t i o n .  Mehsurement of v a r i a b l e  

mechanical displacements i s  more i n t e r e s t i n g  from t h e  po in t  o f  view of 

applying t h e s e  methods i n  experiments with t e s t  bod ies .  

When measuring small q u a s i s t a t i c  d i s -  

The most s e n s i t i v e  among t h e  va r ious  r a d i o  engineer ing devices  f o r  

t ransforming mechanical movements i n t o  e l ec t r i c  s i g n a l s  a r e  so -ca l l ed  

capac i t i ve  t r ansduce r s .  

d i s t a n c e  d between which should be measured, t o g e t h e r  wi th  an inductance,  form 

an e l e c t r i c  c i r c u i t .  

o s c i l l a t a r ,  o r  e l e c t r i c  o s c i l l a t i o n s  are exc i t ed  i n  t h e  c i r c u i t  by a supple-  

mentary s e l f - e x c i t e d  o s c i l l a t o r .  With a change i n  d ,  i n  t h e  f irst  case t h e r e  /118 

is  a change i n  t h e  frequency of  t h e  genera tor ;  i n  t h e  second case  t h e r e  i s  a 

change i n  t h e  amplitude o f  t h e  o s c i l l a t i o n s  i n  t h e  c i r c u i t  ( i n  t h i s  case t h e  

frequency o f  t h e  s e l f - e x c i t e d  o s c i l l a t o r  i s  u s u a l l y  tuned on t h e  "slope" of  

t h e  resonance curve) .  

The p l a t e s  of an e l ec t r l c  c a p a c i t o r ,  t h e  change i n  

This c i r c u i t  e i t h e r  i s  included i n  a radio-frequency 

Simple r a d i o  engineer ing devices  r e g i s t e r  t h e s e  changes. 

The p o s s i b i l i t i e s  of  a method a r e  l imi t ed  p r imar i ly  by t h e  frequency and 

amplitude f l u c t u a t i o n s  o f  t h e  s e l f - e x c i t e d  o s c i l l a t o r .  

f l u c t u a t i o n s  can be  considerably a t t enua ted  ( f o r  example, see [86] ) .  In  

The amplitude 
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r e g i s t e r i n g  t h e  changes i n  d i s t a n c e  between t h e  p l a t e s  Z ( T )  it i s  necessary  

t h a t  t h e  change i n  t h e  c h a r a c t e r i s t i c  frequency of  t h e  c i r c u i t  Sf caused by 

t h i s  displacement be  g r e a t e r  than  t h e  f l u c t u a t i o n  d r i f t  o f  t h e  genera tor  

frequency1 : 

(11.1) 

In t h i s  expression 

(Y = 0.3-0.4), V(f) i s  t h e  s p e c t r a l  dens i ty  of  frequency dev ia t ions  f o r  t h e  
s e l f - e x c i t e d  o s c i l l a t o r ,  Af i s  t h e  frequency band c h a r a c t e r i s t i c  f o r  x ( T ) ,  and 

S 0.5 (for real  c i r c u i t s ,  having a stray capac i tance  

i s  a va lue  of about several u n i t s ,  determined by t h e  s e l e c t e d  level  of 
d .e tect ion r e l i a b i l i t y .  If it is  assumed t h a t  t h e  width of  t h e  s e l f - e x c i t e d  

c s c i l l a t o r  l i n e  determines only t h e  shot  e f fec t ,  by us ing  known expressions 

f o r  W ( f )  ( f o r  example, see [ 87 ] ) ,  we can ob ta in  an estimate f o r  t h e  minimum 

d e t e c t a b l e  X ( T )  va lue :  

(11.2) 

wh.se  I 

t h e  e l e c t r o n  charge,  P i s  t h e  r e s i s t a n c e  i n  t h e  o s c i l l a t o r  c i r c u i t ,  N i s  t h e  

o s c i l l a t o r  power. 

i s  t h e  cons tan t  component of t he  p l a t e  cu r ren t  i n  t h e  tube ,  e i s  0 

Now we w i l l  e s t ima te  t h e  minimum d i s t i n g u i s h a b l e  displacement X ( T )  f o r  

some s p e c i f i c  va lues  of t h e  parameters e n t e r i n g  i n t o  (11.2) .  

( f o r  t h e  r e l i a b i l i t y  l e v e l  about 0.95), F = ohm ( f o r  "superconductive" 

all.oys a t  t h e  temperature  of l i q u i d  helium T = 4'K and a t  a frequency fo  = 

l o 3  cps [ 88 ] ) ,  d = cm, I = a, N = W ,  e = 1.6*10- l9  Coulomb. 

Assume 5 = 2 

0 
Then /119 

- I - . . . . . . .. . . . . . . . . . - - . . . . . . . . . -. . -. - . . - .-. . - - . . - . . .. 
H e r e  w e  assume t h a t  t h e  Af band is  s u f f i c i e n t l y  small so t h a t  W(f) does not  
change s i g n i f i c a n t l y  wi th in  Af. 
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The c i t e d  estimate f o r  [ X ( T ) ] ~ . ~ ~  should ev iden t ly  no t  be  regarded as 
t h e  l i m i t i n g  va lue .  If i t  is p o s s i b l e  t o  use  one o s c i l l a t o r  f o r  e x c i t i n g  

o s c i l l a t i o n s  i n  two c i r c u i t s ,  and t h e  d i s t a n c e  between t h e  p l a t e s  changes i n  

only one o f  them, by us ing  t h e  o rd ina ry  compensation method it i s  p o s s i b l e  t o  

reduce t h e  [x (T) ] o. 95 va lue  by a f a c t o r  10--10-4(this  i s  t h e  usua l  figure f o r  

c i r c u i t s  with compensation). 

amplitude f l u c t u a t i o n s  which are compensated. 

t h e  l e v e l  of  d e t e c t a b l e  X ( T )  can b e  a f f e c t e d  by incoherent  thermal o s c i l -  

l a t i o n s  i n  t h e  c i r c u i t .  A t  t h e  end o f  t h i s  s e c t i o n  w e  w i l l  r e t u r n  t o  t h e  

problem of t h e  p o s s i b i l i t y  of  a s u b s t a n t i a l  narrowing of  t h e  n a t u r a l  l i n e  

width of t h e  source of radio-frequency o s c i l l a t i o n s  and t h e  r o l e  o f  incoherent  

thermal f l u c t u a t i o n s  i n  c i r c u i t s .  

In t h i s  case it w i l l  b e  both frequency and 

I n  t h i s  type of  ins t rumenta t ion  

We no te  t h a t  i n  t h e  d iscussed  method a s u b s t a n t i a l  r o l e  i s  played by 

instrument  no i se ;  t h i s  no i se  determines t h e  lower l i m i t  o f  measured 

f l u c t u a t i o n s  i n  frequency dev ia t ion  and accord ingly ,  small mechanical d i s -  

placements.  

l 'refinement" of t h e  experiment (on t h e  ex ten t  t o  which it has been poss ib l e  

t o  reduce t h e  f l i c k e r  e f f e c t ,  microphone n o i s e ,  n o i s e  l e v e l  of  mixers ,  e t c . ) ,  

whereas f l u c t u a t i o n s  i n  o s c i l l a t o r  frequency caused by t h e  shot  e f f e c t  a r e  

e s s e n t i a l l y  unexcludable.  The e f f e c t  of amplitude f l u c t u a t i o n s  i s  less than  

t h e  inf luence  of frequency f l u c t u a t i o n s ;  t h i s  i s  e a s i l y  confirmed by using 

known expressions f o r  t h e  amplitude f l u c t u a t i o n s  o f  a s e l f - e x c i t e d  o s c i l l a t o r .  

However, t h e  l e v e l  of  instrument no i se  i s  a l s o  dependent on t h e  

/ 1- 20 -_ 

Figure 25 shows t h e  r e s u l t s  of measurements of small amplitudes of 

o s c i l l a t i o n s  of a tun ing  fork  a t  a frequency of  15 cps produced by means of 

a capac i t i ve  t ransducer  [ 8 9 ] .  

a compensation f a c t o r  6 = 1*10-2.  

d i sc r imina t ion  time of about 20 s e c .  The amplitudes of  t h e  o s c i l l a t i o n s  were 

p l o t t e d  along t h e  x - a x i s ,  whereas t h e  galvanometer readings  a t  t h e  t ransducer  

output  were p l o t t e d  along t h e  y -ax i s .  The amplitudes of t h e  o s c i l l a t i o n s  

were determined ( c a l i b r a t e d )  us ing  t h e  known mechanical parameters  of  t h e  

tun ing  fork  and t h e  known f o r c e  appl ied  t o  t h e  tun ing  fo rk  ( f o r  f u r t h e r  

d e t a i l s  s e e  [ 8 9 ] ) .  

The t r ansduce r  had a compensation c i r c u i t  with 

Each p o i n t  on t h e  graph corresponds t o  a 
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t 
P 

.# 

Amplitude o f  o s c i l l a t i o n s  , cm 

Now w e  w i l l  b r i e f l y  d i scuss  t h e  

p o s s i b i l i t i e s  of  i nc reas ing  t h e  

r e s o l u t i o n  of  t h i s  method. We no te  

t h a t  t h e  real  t i m e  dur ing  which a 
s e l f - e x c i t e d  o s c i l l a t o r  i s  necessary  

f o r  t h e  c a p a c i t i v e  t ransducer  does 

no t  exceed 106--105 sec under ord inary  

phys ica l  cond i t ions .  This means t h a t  

a s tandard  o s c i l l a t o r  t h e o r e t i c a l l y  

could b e  in te rchangeable  wi th  a 
l i n e a r  e lec t r ic  o s c i l l a t o r y  system 

with a time cons tan t  -r*2 l o 7  sec. 

With such a source o f  o s c i l l a -  

Figure 25 t i o n s  t h e  l i n e  width would be de- 

termined only by thermal f l u c t u a t i o n s .  

However, i n  t h e  b e s t  present-day qua r t z  r e sona to r s  i n  t h e  radio-frequency range 

t h e  a t t e n u a t i o n  cons tan t  i s  s e v e r a l  seconds [go ] .  A massive r o t a t i n g  r o t o r ,  

suspended i n  a vacuum by means of  a so -ca l l ed  magnetic suspension,  can be used 

as a l i n e a r  system with l a r g e  T*. Under such condi t ions  t h e  r o t a t i o n  o f  t h e  

r o t o r  i s  slowed clue t o  s l i g h t  f r i c t i o n  caused by r a r i f i e d  gas surrounding t h e  

r o t o r .  For example, i n  t h e  Beams u l t r a c e n t r i f u g e  [91],  suspended i n  a 
magnetic f i e l d  i n  a vacuum (B = 300 O K ,  p = 

(m = 13 kg) w a s  slowed, l o s ing  about 10 rpm/day ( i . e . ,  dur ing T* 

i n  r o t a t i o n  frequency, provided it was imparted a r o t a t i o n  frequency of about 

2 x l o 4  rpm. 

example, o p t i c a l  o r  c a p a c i t i v e ) ,  can be used as a source of  radio-frequency 

or s o n i c  s i g n a l s .  The maximum frequency of r o t o r  r o t a t i o n  i s  determined by 

mm Hg), t h e  s t e e l  r o t o r  

l o 5  sec)  

Such a r o t o r ,  t oge the r  with a r o t a t i o n  frequency d e t e c t o r  ( f o r  

t h e  u l t i m a t e  s t r e n g t h  of t h e  material from which t h e  r o t o r  i s  f a b r i c a t e d  and / 1 2 1  

can a t t a i n  fo = l o 6  cps [91] .  

i s  e a s i l y  compensated by small energy pumping ( f o r  example,- by means of  l i g h t  

p re s su re ) ;  us ing  well-known automatic  frequency con t ro l  methods it is  p o s s i b l e  

t o  s t a b i l i z e  t h e  mean frequency of  r o t o r  r o t a t i o n  

e x c i t i n g  o s c i l l a t o r .  

The s l i g h t  frequency d r i f t  of such an apparatus  

us ing  a s t a b l e  self -  
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I t  i s  easy t o  compute t h e  s p e c t r a l  d e n s i t y  of  r o t o r  r o t a t i o n  frequency 

dev ia t ion  caused by f l u c t u a t i o n s  of gas molecule p re s su re  on t h e  r o t o r .  

Assuming t h a t  t h e  r o t o r  has  t h e  form of  a cy l inde r  with an a l t i t u d e  and 

r ad ius  equal t o  a and a mass m, f o r  t h e  s p e c t r a l  d e n s i t y  of r o t a t i o n  frequency 

dev ia t ion  (without allowance f o r  frequency d r i f t )  w e  o b t a i n  

Here D ( Q )  is  t h e  s p e c t r a l  d e n s i t y  of f l u c t u a t i o n s  of  t h e  p re s su re  moment on 

t h e  r o t o r ,  I is  t h e  r o t o r  moment of  i n e r t i a ,  Hu i s  t h e  r o t o r  f r i c t i o n  

c o e f f i c i e n t  f o r  r o t a t i o n a l  movement, ~.r i s  t h e  mass of  a gas molecule,  n i s  
t h e  concent ra t ion  of  gas molecules ,  K i s  t h e  Boltzmann cons tan t ;  R i s  

reckoned i n  r ad / sec  from t h e  r o t o r  frequency of r o t a t i o n  2nf 
(11.3) was obtained under t h e  fol lowing assumptions: a)  2aafo << (K !L ” / I .~ ) I ’ ~ ,  

where f i s  t h e  mean frequency of r o t a t i o n ;  b)  R is less than  t h e  lowest 

c h a r a c t e r i s t i c  frequency of  r o t o r  mechanical o s c i l l a t i o n s ;  c) QG >> 1. Since 

Expression 0 ’  

0 

<< T* = I/H and we a r e  i n t e r e s t e d  i n  such f requencies  f o r  which Q: >> 1, w 
i n  t h e  considered example w e  s e e  a random process  with a s t a t i o n a r y  increment 

[92] .  Accordingly, express ion  (11 .3) ,  s t r i c t l y  speaking,  is  a Four ie r  
t ransform of  t h e  s t r u c t u r a l  func t ion ,  which, as i s  wel l  known, co inc ides  with 

t h e  usua l  s p e c t r a l  dens i ty  of  a s t a t i o n a r y  process ,  provided 0.; >> 1. 

The expression f o r  W (Q)  d i f f e r s  i n  s t r u c t u r e  from t h e  express ion  f o r  r o t  
t h e  s p e c t r a l  dens i ty  of frequency dev ia t ion  f o r  a tube  gene ra to r .  

g r e a t e r  t h e  0 and m values ,  t h e  sma l l e r  i s  t h e  T value  and t h e  b e t t e r  i s  t h e  

vacuum ( i  . e . ,  t h e  l e s s e r  t h e  n v a l u e ) ,  t h e  l e s s e r  i s  t h e  Wrot (Q) va lue .  

Thus, t h e  l e v e l  of  experimental  equipment w i l l  determine t h e  l i n e  width of 

a = 3 cm, n = 2 . 7 0 1 0 ~ ~  cm-3 ( i . e . ,  wi th  p = 

m = 6 0 1 0 ~  g.  then  Wrot ( Q )  = 1.5-10-28 rad /sec .  

fo  = l o 4  cps ( i  . e . ,  approximately with t h e  same frequency as f o r  t h e  r o t o r  i n  

t h e  preceding e s t i m a t e ) ,  I = 

The 

t h i s  s i g n a l  source .  If  i n  (11.3) we s u b s t i t u t e  FI = 2.7*10-23g, T = 300°K, / 1 2 2  

mm Hg), 52 = 60 rad /sec ,  

For a tube  genera tor  with 

a, r = 1 ohm and No = W ,  w e  ob ta in  0 
(Q) = 1.3=10-10 r ad / sec  (where t h e  s u b s c r i p t  t . 0 .  refers t o  t h e  tube  wt. 0. 

o s c i l l a t o r ) .  Thus, a t  least  under t h e  descr ibed  condi t ions  t h e  d i f f e r e n c e  
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between Wrot (52) and W t e 0  (a )  i s  18 orders  of magnitude. I n  t h i s  estimate 
f o r  Wrot (52) smaller n and'T va lues  were not  used because t h e  Wrot (52) can 

inc rease  t h e  f l u c t u a t i o n s  caused by viscous magnetic f r i c t i o n  i n  t h e  suspen- 

s i o n .  Simple computations on t h e  b a s i s  of  d a t a  i n  [91] reveal t h a t  a t  least 

1 

1 
1 I when p = 
I 

1 
mm Hg and T = 300'K t h e  magnetic suspension does not  i n t r o -  

duce any s u b s t a n t i a l  a d d i t i o n a l  a t t enua t ion  i n t o  t h e  t o r s i o n a l  motion i n  

comparison with t h e  f r i c t i o n  caused by t h e  r e s i d u a l  gas p re s su re .  

on t h e  b a s i s  o f  t h e  genera l ized  Nyquist theorem it can be concluded t h a t  t h e  

es t imate  given above f o r  W (52) i s  c o r r e c t .  There is  s t i l l  another  

mechanism f o r  t h e  inc rease  i n  t h e  f l u c t u a t i o n  frequency dev ia t ion  of r o t o r  

r o t a t i o n  caused by i t s  own c h a r a c t e r i s t i c  mechanical thermal o s c i l l a t i o n s .  

Simple computations, which we w i l l  not  p re sen t  h e r e ,  show t h a t  t h e  c o n t r i -  

bu t ion  of thermal o s c i l l a t i o n s  t o  t h e  Wrot (52) va lue ,  es t imated using 

expression (11.3) , i s  i n s i g n i f i c a n t .  

Accordingly, 
E 

i; 
rot 

1 

In  summarizing t h e s e  cons ide ra t ions ,  it can ev iden t ly  be a s s e r t e d  t h a t  

a considerable  a t t enua t ion  of t h e  e f f e c t  of source frequency f l u c t u a t i o n s  on 
r e s o l u t i o n  can be achieved e i t h e r  by rep lac ing  t h e  radio-frequency s e l f -  

exc i t ed  o s c i l l a t o r  by a device s i m i l a r  t o  t h a t  descr ibed above, o r  by 

increas ing  t h e  degree of compensation. 
such methods i t  i s  p o s s i b l e  t o  e l imina te  completely t h e  e f f e c t  of source 

frequency f l u c t u a t i o n s  on r e s o l u t i o n ,  t h e  l a t t e r  can be  determined only by 

t h e  presence of incoherent  thermal e l e c t r i c  o s c i l l a t i o n s  i n  t h e  c i r c u i t s .  

The minimum o s c i l l a t i o n s  which can be  reso lved  i n  t h i s  case, a r e  determined 

using t h e  simple expression 

If it i s  assumed t h a t  by t h e  use  of  

(11.4) 

where, as i n  ( l l . Z ) ,  c1 5 0 . 5 ,  r; i s  a dimensionless f a c t o r  of t h e  order  of / 1 2 3  

s e v e r a l  u n i t s ,  P i s  t h e  r e s i s t a n c e  of t he  c i r c u i t  i n  which t h e  sensor  
capaci tance i s  included,  K i s  t h e  Boltzmann cons tan t ,  T i s  t h e  c i r c u i t  

temperature,  U,,, is  t h e  amplitude of  t h e  e l e c t r i c  vo l t age  i n  t h e  c i r c u i t ,  Af 

i s  t h e  frequency band c h a r a c t e r i s t i c  f o r  x ( T ) .  

(which is  admissible  i f  t h e r e  is  a s u f f i c i e n t l y  high vacuum between t h e  

Assuming U d d  = l o 5  V/cm 
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sensor  capac i to r  p l a t e s ) ,  !l' = 4'K, r = l o v 3  ohm, r = 2 ,  CY = 0.5 ,  w e  obta in  

r.Z(T) I o  ,95 
term measurements and Af << fmean, i n  expressions (11.3) and (11.4) it i s  

necessary t o  r ep lace  Af by i s  t h e  t i m e  expended i n  signal 
d i sc r imina t ion .  

example, s e e  [101]). 

regarded as l i m i t i n g  f o r  r a d i o  engineer ing methods f o r  measuring small 
mechanical o s c i l l a t i o n s .  

1.8*10-17 d z c m .  We no te  t h a t  i f  it is  p o s s i b l e  t o  make long- 

e, where 

There i s  a l s o  some change i n  t h e  dimensionless  f a c t o r  5 ( f o r  
The la t te r  es t imate  f o r  [z(T)]~.~~ must ev ident ly  be  

Opt ica l  methods. ~ .~ In  va r ious  modi f ica t ions  t h e r e  a r e  two p r i n c i p a l  

o p t i c a l  methods f o r  d e t e c t i n g  small  mechanical displacements o r  o s c i l l a t i o n s .  

In t h e  f irst  method (it i s  sometimes c a l l e d  t h e  "knife  and s l i t"  method o r  

o p t i c a l  l e v e r  method [13, 141) t h e  o p t i c a l  image of  one d i f f r a c t i o n  g r a t i n g ,  

obtained using an o b j e c t i v e ,  i s  matched with a second g r a t i n g  having t h e  same 

i n t e r v a l .  

causes a modulation of t h e  l i g h t  f l u x  pass ing  through t h e  two g r a t i n g s .  

modulation can be r e g i s t e r e d  by a photodetec tor .  

i n t e r v a l ,  t h e  more i n t e n s e  i s  t h e  modulation f o r  t h e  same displacement .  

it i s  assumed t h a t  t h e  g r a t i n g  i n t e r v a l  i s  of t h e  o rde r  of t h e  wavelength, 

t h e  l i g h t  f l u x  f l u c t u a t i o n s  a r e  caused only by t h e  independence of  emission 

of photons from t h e  source ,  and t h e  quantum y i e l d  of t h e  photodetec tor  i s  

c lose  t o  u n i t y ,  t h e  minimum displacement [z(T)]~<~ which can be  r e g i s t e r e d  by 

such a device i s  determined from t h e  condi t ion 

The displacement of one of  t h e s e  g r a t i n g s  p a r a l l e l  t o  t h e  o the r  

This 

The l e s s e r  t he  g r a t i n g  

If 

o r  

(11.5) 

/124 

where h i s  the  Planck cons tan t ,  No i s  t h e  i n t e n s i t y  of  t h e  l i g h t  f l u x  a f t e r  t h e  

second d i f f r a t i o n  g r a t i n g ,  Af i s  t h e  frequency band c h a r a c t e r i s t i c .  f o r  z ( T ) ,  

X and vo a r e  t h e  wave length  and t h e  emission frequency r e s p e c t i v e l y ,  5 i s  a 

dimensionless f a c t o r  of t he  order  of s eve ra l  u n i t s ,  dependent on t h e  s e l e c t e d  
0 
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1 l e v e l  of d e t e c t i o n  r e l i a b i l i t y .  

N o  = l o 6  e rg /sec ,  then  3: ( T )  1 . 7 0 1 0 - ~ ~  cm. The minimum q u a s i s t a t i c  

displacement which Jones could r e g i s t e r  by t h i s  method was seve ra l  u n i t s  times 
The e n t i r e  mechanical p a r t  of t h e  o p t i c a l  system was thermo- 

If it i s  assumed t h a t  5 = 2 ,  X = 5 0 1 0 - ~  c m ,  i 0 
1 

j 
1 
1 

c m  [14] .  

s t a b i l i z e d  t o  about 1*10-6 "C.  
Y 
I' 
i 
F 
! 

In  p l ace  of two d i f f r a c t i o n  g r a t i n g s ,  i n  o rde r  t o  o b t a i n  an i n t e n s e  

modulation of t h e  l i g h t  f l u x  it i s  p o s s i b l e  t o  u s e  an o p t i c a l  k n i f e  which 

covers t h e  l i g h t  f l u x  nea r  t h e  f o c a l  spo t  of  t h e  o p t i c a l  o b j e c t i v e .  

abe r ra t ions  are e l imina ted  i n  t h e  o b j e c t i v e ,  and t h e  l i g h t  source g ives  a 

p lane  monochromatic wave, t h e  d i s t r i b u t i o n  of  i n t e n s i t y  of  o p t i c a l  r a d i a t i o n  

nea r  t h e  o b j e c t i v e  focus i s  determined only by wave d i f f r a c t i o n  i n  t h e  

o b j e c t i v e  ape r tu re .  Using known expressions f o r  t h e  l i g h t  wave f i e l d  n e a r  

a foca l  spot  [93] ,  it i s  easy t o  compute t h e  minimum displacement X ( T )  of t h e  

o p t i c a l  k n i f e  which can b e  de t ec t ed :  

If  

(11.6) 

where L i s  t h e  ob jec t ive  f o c a l  l eng th ,  a i s  t h e  diameter of t h e  o b j e c t i v e  

en t rance  a p e r t u r e .  As can b e  seen from a comparison of  (11.5) and (11.6) ,  

t h e  b a s i c  c h a r a c t e r i s t i c  determining t h e  minimum d e t e c t a b l e  displacements i s  

t h e  s p e c t r a l  d e n s i t y  o f  f l u c t u a t i o n  modulation of t h e  l i g h t  f l u x  i n t e n s i t y  

M2 
emission of i nd iv idua l  photons from t h e  source occurs  independent ly ,  and 

t h e r e f o r e  

In  de r iv ing  express ions  (11.5) and (11.6) it was assumed t h a t  t h e  f' 

(11.7) 

Evident ly ,  u n t i l  now it has no t  been p o s s i b l e  t o  create a source  of o p t i c a l  

r a d i a t i o n  with a M2 value  less than  (11.7) .  

l i m i t a t i o n s  on decreas ing  t h e  M2 value  wi th  t h i s  same f l u x  i n t e n s i t y  N 
Using nonl inear  o p t i c a l  systems1, it is  ev iden t ly  p o s s i b l e  -to o b t a i n  a 

However, t h e r e  a r e  no t h e o r e t i c a l  f 
0' f 

.. - .  

For example, systems similar t o  paramet r ic  dampers i n  t h e  radio-frequency 
range [86].  
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s u b s t a n t i a l  decrease i n  t h e  M' value ,  ar-d. accordingly decrease t h e  minimum 

d e t e c t a b l e  displacements by means of  t h i s  method. 

problem of t h e  p o s s i b i l i t i e s  of decreasing M2 l a t e r  i n  t h i s  chapter .  

f 
We w i l l  r e t u r n  t o  t h e  

f 
The second o p t i c a l  method for measuring small mechanical displacements 

i lwelves  t h e  r e g i s t r y ,  by means of a photodetec tor ,  o f  changes i n  t h e  l i g h t  

f l u x  pass ing  tHrough an interfer .ometer  dur ing  t h e  movement of  i t s  mi r ro r s .  

B i m g  t h e  Michelson in t e r f e romete r ,  employing a mercury tube  as t h e  source of 

a w  Bf t h e  s p e c t r a l  l i n e s ,  I .  L .  Bershteyn [94] succeeded i n  r e g i s t e r i n g  

m e i l l a t i o n s  of mir rors  a t  a s o n i c  frequency with an amplitude of about 

em. Javan [15] f e e l s  t h a t  by a t t a i n i n g  frequency s t a b i l i t y  of helium-neon gas 

l a s e r s  it w i l l  be  p o s s i b l e  t o  use  a Fabry-Perot r e sona to r  t o  r e g i s t e r  

r e l a t i v e  displacements of  i t s  mir rors  of t he  order  of s e v e r a l  u n i t s  p e r  

10-13 cm. 

We w i l l  examine t h e  l i m i t i n g  s e n s i t i v i t y  of  t h i s  method us ing  t h e  example 

ef a Fabry-Perot r e sona to r .  

with t h e  power N 
e x c i t e s  o p t i c a l  o s c i l l a t i o n s  i n  t h e  Fabry-Perot r e sona to r  i n  t h e  fundamental 

d e .  

& l a t i o n  of t h e  laser l i g h t  f l u x  Passing through t h e  r e sona to r .  Such 

m s m a t o r s ,  i n  whose mi r ro r s  mul t i l aye r  d i e l e c t r i c  coa t ings  a r e  used,  have an 

extremely high q u a l i t y  

We w i l l  assume t h a t  t h e  emission from a l a s e r  

and t h e  frequency vo, opera t ing  i n  a single-mode regime, 0 

A photodetec tor  with a quantum y i e l d  c lose  t o  un i ty  r e g i s t e r s  t h e  

(11.8) 

where 2 is  t h e  d i s t ance  between t h e  mi r ro r s ,  e is  t h e  speed of l i g h t ,  R i s  t h e  

c o e f f i c i e n t  of r e f i e c t i o n  frdm t h e  mir ror .  

nake it p o s s i b l e  t o  ob ta in  R 

1(8l0. We w i l l  assume t h a t  t h e  r e sona to r  i s  detuned r e l a t i v e  t o  t h e  l a s e r  

f"cy by t h e  va lue  vres/2Qopt. 

i n t - i t y  modulatioh f o r  a l i g h t  f l u x  pass ing  through t h e  resonator  

with a small r e l a t i v e  displacement of  t h e  mi r ro r s .  

s ions  f o r  t h e  shape of t h e  resonance curve f o r  such a r e sona to r  ( f o r  example, 

Present-day mul t i l aye r  coa t ings  

0.995, and accordingly t h e  Q va lue  a t t a i n s  
opt  

I n  t h i s  case one a t t a i n s  a n e a r l y  maximum 

I f  we use  known expres- 
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see [95]) ,  it i s  p o s s i b l e  t o  compute t h e  r e l a t ive  change i n  l i g h t  f l u x  

i n t e n s i t y  a t  t h e  r e sona to r  output  M 
one mi r ro r  re la t ive t o  t h e  o ther1  : 

caused by t h e  displacement Z(T) of x (TI  

(11.9) 

We w i l l  assume t h a t  t h e  laser frequency does n o t  f l u c t u a t e ,  b u t  t h e  f l u c t u -  

a t i o n s  o f  laser i n t e n s i t y  are t h e  same as f o r  a l i g h t  source from which tHe 
photon y i e l d  i s  independent.  

simple form: 

Then t h e  d e t e c t i o n  condi t ion  X ( T )  has  t h e  

Hence, us ing  (11.7) we o b t a i n  

(11.10) 

where, as be fo re ,  5 denotes  a dimensionless f a c t o r  of t h e  o rde r  of  s e v e r a l  

u n i t s ,  dependent on t h e  s e l e c t e d  l e v e l  of  d e t e c t i o n  r e l i a b i l i t y .  As can be  

seen from a comparison of  (11.5) ,  (11.6) with (11.10) t h e  inc rease  i n  

r e s o l u t i o n  f o r  t h e  second method i n  comparison with t h e  f irst  i s  approximately /127 

(1 - ~ 1 - 1  times. 

Now w e  w i l l  t a k e  i n t o  account f l u c t u a t i o n s  i n  l a s e r  frequency which 

a l s o  lead  t o  a f l u c t u a t i o n  modulation of  t h e  l i g h t  f l u x  amplitude a t  t h e  

Expression (11.9) f o r  M 
i s  detuned r e l a t i v e  t o  t h e  l a s e r  frequency by vres/2Qopt, g ives  a va lue  

approximately 20% l e s s  than  [ M 3 C [ T ) ] m m ,  which is  obtained with a somewhat 

d i f f e r e n t  detuning . 

der ived  on t h e  assumption t h a t  t h e  r e sona to r  
X ( T ) ’  
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r e sona to r  ou tput .  

s p e c t r a l  dens i ty  o f  laser frequency dev ia t ion  [95] : 

For t h i s  purpose we u s e  an approximate express ion  f o r  t h e  

(11.11) 

Modulation of  t h e  c h a r a c t e r i s t i c  

caused by displacement of t h e  mi r ro r s  

g r e a t e r  than h(f) Af/uo. Therefore  

frequency of t h e  Fabry-Perot r e sona to r ,  

= x(.r)/Z, should be vmod/Vresonat 

Using ( l l . l l ) ,  as wel l  as t h e  condi t ion  v v we ob ta in  resonat 0 ' 

(11.12) 

(11.13) 

Expressions (11.13) and (11.10) d i f f e r  only i n  t h e  f a c t o r  6. 
5 = 2 ,  R = 0.995, N 

7*10-16 cm. 

Assuming 

0 . 9 5  
- - = l o 6  e rg / sec ,  A. = 5*10-5 cm, we o b t a i n  [.:(.)I 0 

In  t h e  d e r i v a t i o n  of  (11.13) and (11.10) approximate expressions were 

used f o r  W ( f )  and M2 f o r  a source with f l u c t u a t i o n s  independent of  t h e  

emi t t ing  photons.  
f 

I .  L .  Bershteyn, I .  A .  Andronova and Yu. A .  Zaytsev demonstrated i n  [25] 

t h a t  i n  der iv ing  an expression f o r  M2 f o r  a l a s e r  it i s  necessary t o  t ake  

i n t o  account t h e  r i g i d i t y  of t h e  l i m i t i n g  cyc le ,  as wel l  as t h e  nonl inear  and 
f 

d i spe r s ion  p r o p e r t i e s  of t he  a c t i v e  medium i n  t h e  laser.  Taking i n t o  account 

t h e  r i g i d i t y  of t h e  l imi t ing-  cyc le ,  t h e  express ion  f o r  M2 f o r  a l a s e r  has  t h e  /128 f 
~. _ -  - - - - - ." . . - - . ._ i - .- ~ 3 _ _  . -- . - - - _  - ._ ~ - ~ - -_ i ~ r  - - ~ . . ~ .  

Formula ( 1 1 , l l )  i s  an approximate express ion  f o r  t h e  n a t u r a l  l i n e  wjdth 
Av of an o p t i c a l  s e l f - e x c i t e d  o s c i l l a t o r .  V .  S .  T r o i t s k i y  demon- 

s t r a t e d  i n  [ 9 6 ]  t h a t  t h e  n a t u r a l  l i n e  width o f  a s e l f - e x c i t e d  o s c i l l a t o r  
A V  = W ( 0 ) .  Accordingly,  (11.11) i s  c o r r e c t  only f o r  low f requencies .  

nut 

nut 
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fol lowing form [25]  : 

(11.14) 

where p 2  i s  t h e  r i g i d i t y  o f  t h e  l i m i t i n g  cyc le ,  f i s  t h e  frequency, reckoned 

from vo.  

Accordingly, t h e  experimental ly  observed M2 values  at low frequencies  are 

approximately two o rde r s  o f  magnitude g r e a t e r  t han  f o r  a source with 

independent f l u c t u a t i o n s  [24] . This means t h a t  t h e  minimum d e t e c t a b l e  

mechanical displacements w i l l  b e  somewhat g r e a t e r  t han  t h e  estimates which 

can be  obtained us ing  (11.13) and (11.10).  

In  modern o p t i c a l  o s c i l l a t o r s  Av l o 6  cps ,  and p = l o 5  -cps.  resonat 

f 

I t  can be  seen from (11.14) t h a t  i f  it is p o s s i b l e  t o  c r e a t e  a r e sona to r  

wi th  Avresonat < p ,  it w i l l  b e  p o s s i b l e  t o  have a source  i n  which t h e  

i n t e n s i t y  f l u c t u a t i o n s  are less than  i n  a source with an independent emission 

of  photons.  
t h e  W ( f )  value  ( f o r  f u r t h e r  d e t a i l s  see [ 2 5 ] ) .  

A similar t h e o r e t i c a l  p o s s i b i l i t y  a l s o  e x i s t s  with r e spec t  t o  

As can b e  seen from t h e  above, o p t i c a l  methods f o r  measuring small 

mechanical displacements have a high r e s o l u t i o n  which i s  e s s e n t i a l l y  dependent 

on t h e  p r o p e r t i e s  of  t h e  emission sources .  

assert, as i n  t h e  case of r a d i o  engineer ing methods f o r  measuring small 

displacements ,  t h a t  i n  t h e  a l ready  performed experiments a real  l i m i t  of  

r e s o l u t i o n  of t hese  methods has  been a t t a i n e d .  

I t  ev iden t ly  i s  impossible  t o  

5 1 2 .  Mechanical F luc tua t ions  i n  a Space Laboratory -- 

On t h e  b a s i s  of  t h e  a v a i l a b l e ,  q u i t e  ex tens ive  experimental  d a t a ,  ob- 

t a i n e d  us ing  a l r eady  launched space s t a t i o n s  , w e  can o b t a i n  approximate 

e s t ima tes  which make it p o s s i b l e  t o  judge t o  what degree it i s  p o s s i b l e  t o  
approach t h e  t h e o r e t i c a l l y  a t t a i n a b l e  response i n  an optimum measurement 

s t r a t e g y  (see  Chapter I)  when formulat ing experiments wi th  t e s t  bodies .  

vacuum i n  a space l abora to ry ,  assuming an adequate d i s t ance ' f rom t h e  e a r t h ,  

is  much b e t t e r  than  t h a t  which i s  usua l ly  a t t a i n e d  i n  a t e r r e s t r i a l  l abora-  

t o r y .  The f r i c t i o n  c o e f f i c i e n t  H corresponding t o  t h i s  vacuum, even f o r  

small t es t  bodies ,  is  q u i t e  small, and when ca r ry ing  out  an experiment wi th  

The 
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a t e s t  body under such condi t ions  it i s  a l ready  p o s s i b l e  t o  r e q u i r e . t h e  use 

of a small displacements d e t e c t o r  ( o p t i c a l  o r  e l e c t r o n i c )  which 

has  optimum tuning .  

with t h e  f l u c t u a t i o n s  of t h e  c e n t e r  of  mass of a space l abora to ry ,  equiva len t  

t o  t h e  se i smic  o s c i l l a t i o n s  of a t e r r e s t r i a l  l abora tory .  Such f l u c t u a t i o n s  

can b e  caused by f l u c t u a t i o n s  i n  p re s su re  of t h e  s o l a r  wind, f l u c t u a t i o n s  i n  

t h e  magnetic f i e l d ,  micrometeori tes ,  or movements of another  space labora tory .  

I t  i s  convenient t o  compare t h e  acce le ra t ions  of t h e  c e n t e r  of mass of a 
space labora tory  caused by d i f f e r e n t  f l u c t u a t i o n  f a c t o r s  and t h e  t h e o r e t i c a l l y  

measurable pe r iod ic  a c c e l e r a t i o n  under optimum s t r a t e g y  condi t ions .  This 
comparison w i l l  b e  given below f o r  s p e c i f i c  parameters i n  a hypo the t i ca l  

experiment with a t e s t  body. 

Accordingly, i n  t h i s  s e c t i o n  we w i l l  be  concerned only 

F luc tua t ions  of s o l a r  wind pressure .  A t  t h e  present  t ime complete 

information is unavai lab le  concerning t h e  spectrum of s o l a r  wind f l u c t u a t i o n s .  

Rather d e t a i l e d  informatiofi is  a v a i l a b l e  concerning t h e  d i u r n a l  and hourly 

v a r i a t i o n s  i n  s o l a r  wind i n t e n s i t y  ( see  review [97] ) ,  b u t  f o r  h ighe r  frequen- 

c i e s  of v a r i a t i o n s  no measurements have y e t  been made. 

t h r e e  e s t ima tes ,  making it p o s s i b l e  t o  compare t h e  a c c e l e r a t i o n s  imparted by 

t h e  s o l a r  wind t o  a space s t a t i o n  and the  p e r i o d i c  a c c e l e r a t i o n s  of a 
mechanical o s c i l l a t o r  d e t e c t a b l e  when optimum s t r a t e g y  i s  employed. 

Below we w i l l  g ive  

The s o l a r  wind p res su re  8 a t  t h e  d i s t ance  of one astronomical  u n i t  from 

t h e  sun ( i n  "quiet  weather") i s  about 4 0 1 0 - ~  dyne/cm2 [98]. This means t h a t  

a space s t a t i o n  with t h e  mass M = l o 7  g and t h e  c ross  s e c t i o n  S = l o 5  cm2 i s  
acce le ra t ed  by t h e  s o l a r  wind with a mean acce le ra t ion  % = 8S/M 2. 4 0 1 0 - ~ l  

cm/sec-2. 

We w i l l  assume t h a t  aboard the  space s t a t i o n  an experiment is c a r r i e d  out  

f o r  de t ec t ing  t h e  p e r i o d i c  a c c e l e r a t i o n  of t h e  mass m of  a mechanical 

o s c i l l a t o r  having t h e  frequency wo. 

minimum de tec t ab le  amplitude of a c c e l e r a t i o n  with t h e  frequency w 

t ime i s  

I t  fol lows from formula (3.17) t h a t  t he  

during t h e  /130 - 0 
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.! 

1 
1 0 -  

t 
I If A = 10, ? = l o 3  sec, w 

cm*sec-2. 
a c c e l e r a t i o n  J(G)iAf, caused by s o l a r  p re s su re  i n  t h e  frequency band 

- 1 sec-l, m = lo2  g, then  [F/mImin = 2 0 l O - l ~  

This va lue  must b e  compared with t h e  mean square  f l u c t u a t i o n  

, A f = l/;: 

(12.2) 

where v is t h e  v e l o c i t y  o f  s o l a r  wind p a r t i c l e s ,  m i s  proton mass. P 
Expression (12.2) is  co r rec t  i f  t h e  impacts o f  protons aga ins t  t h e  

ou t s ide  of  t h e  space  s t a t i o n  are considered uncor re l a t ed .  Assuming i n  - 

(12.2) t h a t  v = 3 0 1 0 ~  cmosec-l and Af = sec-l ,  we ob ta in  J(?)iAf = 

6 0 1 0 - ~ ~  cm*sec:2, i . e . ,  one and one-half  o rde r s  of  magnitude l e s s  than  

[F/mImin i n  t h e  estimate given above. 

obtained from (12.1) and (12.2) are comparable s i n c e  i n  (12.1) [F/mImi, 
decreases  as :-’, whereas i n  (12.2) J(r)iAf decreases  as (;)-1’2. 

With an inc rease  i n  t h e  estimates 

Thus, t h e  hypo the t i ca l  conclusion can be  drawn t h a t  i n  t h e  case of no t  

excess ive ly  g r e a t  du ra t ions  it is  poss ib l e  t o  a t t a i n  t h e  maximum response 

i n  experiments wi th  t e s t  bodies  without  us ing  any s p e c i a l  sc reens  f o r  

decreas ing  t h e  f l u c t u a t i o n s  of  s o l a r  wind p res su re  on a space s t a t i o n .  

Magnetic f i e l d  i n  c i rcumsolar  space.  The measurements made on h e l i o -  

c e n t r i c  s t a t i o n s  revea led  t h a t  f a r  from t h e  e a r t h ,  a t  a d i s t ance  of  about 
oneastronomical  u n i t  from t h e  sun, t h e  magnetic f i e l d  i s  10-4-10-5 oe and i t s  

v a r i a t i o n s  with approximately t h e  same amplitude have c h a r a c t e r i s t i c  per iods  

of  about 1 hour ( i . e . ,  grad B = 10-14-10-15 oe/cm) [98 ] .  

s t a t i o n  i n  a uniform magnetic f i e l d  has  t h e  a c c e l e r a t i o n  

A nonmagnetic space 
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(12.3) 

where x i s  t h e  mean pe rmeab i l i t y ,  p i s  t h e  mean s t a t i o n  d e n s i t y .  The 

a c c e l e r a t i o n  is  [F/m] = 3-10-24 cm*sec-2, provided t h a t  x = P = 3 

g ~ c m - ~ .  As can be seen  from a comparison of  t h i s  estimate [F/m] and t h e  

above-cited va lue  [F/mImin = 2 0 l O - l ~  cm*sec-*, i n  some hypothe t ica l  exper i -  
ment wi th  a t e s t  body, i n  t h e  case  of a nonmagnetic s t a t i o n  t h e  p o s s i b l e  

mag 
mag 
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a c c e l e r a t i o n s  caused by magnetic f i e l d  f l u c t u a t i o n s  i n  space  can be neglec ted .  

However, t h e  ex i s t ence  of  fe r romagnet ic  p a r t s  i n  t h e  s t a t i o n  can g r e a t l y  

i n c r e a s e  [F /m]  
mag' 

Fluc tua t ions  i n  t h e  . a c c e l e r a t i o n - o f  .. - ~ -A%_---_--_ a space s t a t i o n  caused by micro- 
__sl_ 

meteor i t e s .  In order  t o  u s e  an exmess ion  similar to (12.2) i n  computing t h e  - - 

mean square  a c c e l e r a t i o n  J(G)EAf o f  t h e  cen te r  o f  mass o f  a space s t a t i o n  

caused by m u l t i p l e  impacts of micrometeori tes ,  it i s  necessary  t o  t a k e  i n t o  

account from t h e  e n t i r e  spectrum of  micrometeori tes  only those  which dur ing  

t h e  t ime .; impact on t h e  s t a t i o n  a s u f f i c i e n t l y  g r e a t  number o f  times. 

Micrometeorites with t h e  mass h = 

area S = 10  m2 on an average o f  f i v e  t imes during .; = l o 3  sec; i f  t h e  mass i s  

h = 

p o s s i b i l i t y  of such a c o l l i s i o n  i s  about 0 .5 .  

g c o l l i d e  with a s t a t i o n  wi th  t h e  

g ,  t h e  average i s  50 times, whereas i f  t h e  mass i s  = g t h e  

The expression f o r  sho t  f l u c t u a t i o n s  i n  t h e  a c c e l e r a t i o n  of a space 

s t a t i o n  cen te r  of mass, s imi la r  t o  (12.2) ,  has t h e  form 

(12.4) 

- 
where M i s  s t a t i o n  mass, Fi = 6.Q.S i s  t h e  mean p res su re  exe r t ed  on one s i d e  

of t h e  s t a t i o n  by micrometeori tes  having t h e  mass m and t h e  c o l l i s i o n  c ross  

s e c t i o n  O In  (12.4) summation by me teo r i t e  masses must b e  l imi t ed  by t h e  

condi t ion  S O  >> 1. More in f r equen t  impacts of more massive me teo r i t e s  

n a t u r a l l y  a l s o  make a con t r ibu t ion  t o  t h e  f l u c t u a t i o n  a c c e l e r a t i o n  of t h e  

space s t a t i o n  c e n t e r  of  mass. 

be  r e g i s t e r e d  s e p a r a t e l y ,  u s ing  f o r  t h i s  purpose ins t ruments  designed f o r  

r e g i s t e r i n g  micrometeori tes ,  and then  t h e i r  in f luence  on t h e  motion of  t h e  

t e s t  body can be  taken  i n t o  account.  

f requent  impacts of  small me teo r i t e s  i s  ev iden t ly  cons iderably  more d i f f i c u l t  

t o  t ake  i n t o  account.  If w e  employ t h e  summarized d a t a  on Q. 2. and m.. 2. given 
i n  [99, 1001, then f o r  qi = l o 3  sec and S = 10 m2 w e  f i n d  t h a t  t h e  maximum 

h 

2 . 2 .  
n 

i 

T 
i' 

i 

However, rare  s t r o n g  a c c e l e r a t i o n  b u r s t s  can 

The con t r ibu t ion  t o  a c c e l e r a t i o n  by 

A 

at which it i s  p o s s i b l e  t o  use  (12.4) i s  about 1-10-11 g .  Assuming i n  i 
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(12.4) t h a t  M = l o 7  g ,  Z, = 30 km/sec, and us ing  t h e  d a t a  on Qi and m 
[ l o o ] ,  wi th  Af = sec - l  w e  ob ta in  a va lue  J($):Af 4*10-15 cm/sec2. This 
i s  more than  two o rde r s  of  magnitude g r e a t e r  than  t h e  va lue  [F/mImin = 2°10-17 

cm/sec2 obtained under t h e  condi t ions  descr ibed  above. Thus, t h e  f l u c t u -  
a t i o n s  i n  micrometeori te  p re s su re  make it d i f f i c u l t  t o  a t t a i n  t h e  maximum 

s e n s i t i v i t y  i f  experiments are c a r r i e d  out  wi th  tes t  bodies  on a space 

s ta t  ion .  

from i 

A p o s s i b l e  s o l u t i o n  of t h i s  problem involves  t h e  use of an a n t i -  
me teo r i t e  sc reen  surrounding t h e  s t a t i o n .  In  t h i s  ca se  an effect  of micro- 
meteor i tes  on t h e  tes t  body w i l l  b e  exer ted  only through a v a r i a b l e  g rav i ty  

f i e l d  which appears as a r e s u l t  of o s c i l l a t i o n s  of t h e  screen  from meteor i te  

impacts.  Such a screen  can be  designed similar t o  a n t i s e i s m i c  f i l t e r s  which 

a r e  employed i n  t e r r e s t r i a l  l a b o r a t o r i e s .  

In  conclusion,  we w i l l  c i t e  s t i l l  another  numerical e s t ima te  cha rac t e r -  

i z i n g  t h e  condi t ions  necessary f o r  a t t a i n i n g  a response corresponding t o  t h e  

above-mentioned es t imate  f o r  [F/mImin. 
a t e s t  body i n  one space s t a t i o n  i s  t r ansmi t t ed  t o  another  space s t a t i o n ,  it 

i s  necessary  t o  t ake  i n t o  account t h e  a c c e l e r a t i o n  experienced by t h e  f i r s t  

s t a t i o n  i n  t h e  g r a v i t y  f i e l d  of t h e  second. We w i l l  assume t h a t  t h e  second 

s t a t i o n  a l s o  has  t h e  mass M = l o 7  g and t h e  t e s t  body mo i s  d i sp laced  

r e l a t i v e  t o  t h e  cen te r  of mass of t h e  f i r s t  s t a t i o n  by 1 m .  Then t h e  con- 

s t a n t  a c c e l e r a t i o n  experienced by t h e  t e s t  body r e l a t i v e  t o  t h e  cen te r  of 

mass o f  t h e  f i r s t  space s t a t i o n  ( t h i s  a c c e l e r a t i o n  a l s o  w i l l  b e  r e g i s t e r e d  

by a small  o s c i l l a t i o n s  de t ec to r )  w i l l  b e  about 1*10-17 cm*sec-2, provided 

t h e  s t a t i o n s  a r e  10 km a p a r t .  

If t h e  information on acce le ra t ion  of 
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